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One  session  of  this  conference  introduced  a new  area  of  gmerai  Interest, 
environmental  interactions  With  on-board,  high-voltage  spacecraft  systems  oper 
atl^  over  a wide  range  of  altitudes  from  low  Earth  orbit  to  geosynchronous 
orbit.  These  interactions  must  be  considered  during  the  initial  design  phases 
of  future  high-power  space  systems. 


The  proceedi^s  includes  52  of  the  54  papers  presented  at  the  conference  i 
The  panel  discussion  was  recorded,  has  been  transcribed  and  edited,  and  is  in- 
cluded. The  proceedings  follows  the  conference  session  format.  Pour  papers  are 
ptlnted  at  the  end  of  the  proceedings  that  were  not  presented  St  the  conference. 
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KEYNOtE  ADDRESS 


Floyd  R.  Stcuart,  Col.»  USAF 
USAF  Space  and  Missile  Systems  Organisation 


Good  Morning  > Both  General  Ward  and  Colonel  Broolce  asked  me  to  convey 
their  regrets  for  not  being  here  due  to  the  press  of  business* 

I ^uld  like  to  velcome  you  to  this»  the  second  Spacecraft  Qaarglng 
Technology  Conference-.  I am  enthusiastic  about  this  conference  because  I 
feel  this  is  the  best  vay  to  Insure  a maximum  exchange  of  results*  As  you 
can  see,  we  have  an  excellent  turnout  - about  150  attendees*  There  are 
representatives  from  U*S*  industries  and  universities,  from  the  European  Space 
Agency  and,  quite  naturally,  since  this  Is  a joint  DOD/NASA  Technology  Pro- 
gram, we  have  MAliA  as  well  as  Artsy,  Navy  and  Air  Force  participants* 

This  Is  the  second  conference*  The  first  was  a smashing  success*  There 
ware  over  225  attendees  and  60  papers*  From  all  Indications,  this  conference 
will  also  be  a success* 

Technology  Involving  spacecraft  charging  Is  one  of  the  maty  Inter- 
dependent research  areas  In  aeronautics  and  astronautics  that  are  coordinated 
by  the  AFSC/NASA  £^pace  Research  and  Technology  Review  Group*  These  Inter- 
dependent technology  programs  have  resulted  from  our  awareness  diat  many 
technical  proble9^.s  are  conancn  to  botdt  agencies  and,  also,  from  the  fact  tdiat 
we  both  share  budgetary  constraints* 

MASA  and  rOD  strive  to  Identify  these  common  technical  problems  and  then 
assign  agency  responsibility  for  providing  the  required  technology*  If  one 
agency  has  lii'i  technical  lead  In  an  area,  then  we  assign  to  it  responslblllQr 
for  developing  the  technology  for  both  agencies*  In  some  cases,  an  agency 
has  cancellfd.  Its  program  and  transferred  funds  to  the  responsible  agency* 
Where  both  agencies  have  desired  to  maintain  programs,  the  programs  have  been 
jointly  mriutged  and  the  technical  responsibility  has  been  cleatly  established* 

The  concept  of  Interdependency  has  taken  hold,  and  benefits  are  beginning 
to  accrue*  Interdependency  allows  us  to  stretch  our  limited  research  and 
development  dollars,  to  reduce  or  eliminate  duplication,  and  to  ^aaxlml^e  the 
technology  return  per  dollar  Invested* 

Spacecraft  charging  Is  a 5 year  program  between  Air  Force  Systems  Com- 
mand and  NASA's  Office  of  Aeronautics  and  Space  Technology*  A steering 
committee  Incorporates  NASA  and  DOD  requirements  Into  the  Investigation*  The 
ultimate  objective  of  the  program  Is  to  protect  our  satellites  from  the  harm- 
ful effects  of  high  voltage  arc-discharges.  This  objective  In  met  by  develop- 


lug  design  crleorla  ortd  cesc  meChoda,  Each  element  e£  tlie  progffam  Is  assigned 
to  either  N/ISA  or  the  Air  Force  «d.th  well  defined  accountability.  Contractual 
and  ln*hou8d  efforts  are  working  on  this  program.  Program  success  rcqalres 
everyone  involved  to  execute  dielr  portion  successfully.  Technolo^  clemeiits 
Indlude  development  of  analytical  yrogroos  to  define  the  envlranment  and  tiodel 
the  spacecraft  Interaction  with  this  environment.  Thefo  are  6jq>erlieental 
programs  to  develop  ground  facilities  to  simulate  the  environment^  to  determine 
the  response  of  spacecraft  materials  to  this  environment,  and  to  develop  now 
or  modified  materials. 

The  jpacecraft  charging  jgt  high  altitudes  or  "SCATHA”  satellite  managed 
by  the  SAMSO  SIP  office  will  be  used  to  define  the  environment*  to  measure 
charging  and  discharging  characteristics  of  materials,  to  provide  data  for 
calibration  of  idie  analytical  models,  and  to  measure  satellite  contamination. 
The  electrical  potential  of  SCATfiA  will  be  aOtlvely  controlled  using  an 
electron  and  Ion  beam  system. 

I see  significant  progress  In  the  program  and  I will  mention  just  a few 
of  the  accomplishments. 

All  SCATHA  instrumentation  has  been  delivered  and  Integrated,  ^sterns 
level  testing  Is  finished  and  launch  Is  scheduled  for  early  next  year. 

A rocket  flight  showed  that  electron  and  Ion  baams  can  control  vehicle 
potential.  Measurements  on  the  ATS- 5 and  6 satellites  show  the  plasma 
neutralizer  can  control  the  surface  potential  over  the  spacecraft. 

A baseline  "Military  Standard"  for  spacecraft  charging  has  been  written 
Including  a specification  of  the  environment. 

A "Design  Guidelines  Monograph"  details  techniques  to  minimize  satellite 
charging. 

Silica- fabric  thermal  control  coatings  have  been  developed  for  use  In 
satellite  charging  control.  Transparent  conductive  coatliigs  for  controlling 
charging  on  thermal  blankets,  on  second  surface  mirrors,  and  on  solar  cell 
covers  are  now  available. 

A model  of  the  Internal  charge  buildup  within  Insulators  Is  operating  and 
environmental  simulation  facilities  are  characterizing  the  charging  of 
insulators. 

^e  NASA  Charging  Analyzer  Computer  Program  Is  being  used  to  compute 
satellite  voltage  distributions. 

In  addition  to  these'  accomplishments,  new  programs  have  been  Initiated. 
One  deals  with  Investigating  the  effects  of  a systems  generated  electromag- 
netic pulse  on  an  electrically  charged  satellite.  Another  Investigates  the 
charge  buildup  on  a satellite,  'thlch  occurs  after  a high  altitude  detonation, 
and  the  charge  breakdown  processes. 
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V conclusion,  spacecraft  charging  la  a successful  cooperative  effort. 

if  wi  produced  results  that,  today,  are  essential  to  the  design  of 

rolloble  and  sufrvivablc  space  systems.  As  wo  move  into  the  next  era  of  space 
technology  in  ^ieh  satellites  will  grow  in  slxo,  poWsr,  complexity,  and  cost, 
you  again  will  be  called  upon  to  develop  the  required  technology  to  insure 


We  hwe  a full  agenda  - so  I don't  want  to  talte  my  more  of  your  time. 
Conference  second  Spacecraft  Charging  Technology 


Thank  you. 


DESCRIPTION  OF  THE  SPACE  TEST  PROGRAM 

P78-2  SPACECRAFT  AND  PAYLOADS 

Lt  Col  John  C.  Durrett 
USAF  Space  Sc  Mieallo  Systems  Organization 

John  R.  Stevens 
The  Aerospace  Corporation 


INTRODUCTION 


The  USAF  Space  Test  Program  was  designated  in  1975  as  the  manage- 
ment  agency  for  procurement  of  the  Department  of  Defense  spacecraft 
which  supports  the  government  USAF  /NASA  spacecraft  charging  at  high 
altitude  program.  The  spacecraft  was  designated  the  Space  Test  Program 
P78-2  spaceflight.  Built  by  the  MarHn  Marietta  Corporation  in  Denver. 
Colorado,  the  spacecraft  and  its  payloads  are  designed  to  measure  the 
environment  at  near  synchronous  altitude  and  the  interactions  of  the 
environment  on  the  spacecraft. 


SPACECRAFT 


The  P78-2  spacecraft  is  spin- stabilized  and  will  be  hi  a near 

synchronous,  equatorial  earth  orbit  from  the  Eastern  Range  by  a 
Delta  2914  in  January  1979.  The  spacecraft  houses,  protects,  and  supports 
several  scientific  and  engineering  payloads.  It  spins  about  an  axis  which 
lies  in  the  orbit  plane  and  is  normal  to  the  earth-sun  line.  On-orbit,  the 
satellite  v/ill  be  controlled  by  the  Air  Force  Satellite  Control  Facility 
(AFSCF)  and  will  comm'micate  directly  with  remote  tracking  stations  in 
New  Hampshire,  the  Indian  Ocean.  Guam.  Hawaii,  and  at  Vandenberg  AFB. 
The  mission  is  planned  for  a one-year  duration  but  the  spacecraft  is 
provided  with  sufficient  expendables  for  two  years.  Actual  lifetime  of  the 
satellite  will  probably  be  limited  by  survival  of  electronic  equipment  in  the 
ionizing  radiation  environnxent. 

The  body  of  the  spacecraft  has  a cylindrical  shape  approxim  itely 
1.  75  m in  both  length  and  dianreter.  Booms,  antennae,  and  some  instrument 
protrusions  alter  the  basic  cylindrical  shape.  Most  of  the  spacecraft  and 
payload  equipment  is  mounted  in  the  central  portion  of  the  cylinder. 

On  orbit,  seven  experiment  booms  are  deployed.  The  boom  arrangement 
isolates  sensitive  instruments  from  spacecraft  influences  and  provides 
clear  fields  of  view  for  other  instruments.  Two  solar  arrays  encircle  the 
cylinder,  one  forward  and  one  aft  of  the  central  portion.  An  apogee 
insertion  motor  is  housed  in  the  aft  central  portion  of  the  spacecraft. 
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In  addition  to  the  usual  spacecraft  components*  a transient  pulse 
monitdr  has  be«n  operated  as  part  of  the  spacecraft.  This  instruhieht 
obtains  Quantitative  measurements  of  the  electromagnetic  pulse  charac- 
teristics on  the  spacecraft.  It  measures  the  number  of  pulses*  the  positive 
and  negative  pulse  amplitudes*  and  the  positive  and  negative  integral  of 
the  pulses. 

f'abrication  and  assembly  of  the  spacecraft  have  beeft  completed.  The 
spacecraft  has  been  shipped  from  Denver  to  the  Goddard  Spaceflight  Center 
where  the  magnetic  and  moment  of  inertia  characteristics  of  the  spacecraft 
are  being  measured.  Next*  the  spacecraft  will  be  shipped  to  the  Eastern 
Test  Range  from  which  it  Will  be  launched  in  January  19'?9.  The  expected 
orbit  parameters  are  listed  below. 

Apogee  42*250  km 

Perigee  27*500  km 

Inclination  8. 5 deg 

The  final  orbit  Will  have  an  easterly  drift  rate  of  6 deg /day  for  the 
satellite. 


PAYLOADS 


The  payloads  have  been  Sponsored  and  produced  by  many  dififefent 
agencies.  The  attached  table  delineates  the  many  participants.  A brief 
description  of  each  payload  follows.  A more  detailed  description  of  the 
spacecraft  and  its  payloads  was  distributed  as  part  of  the  registration 
material.  Additional  copies  of  the  detailed  payload  descriptions  entitled 
"Description  of  the  Space  Test  Program  P78-2  Spacecraft  and  Payloads" 
can  be  obtained  by  writing  to: 

HQ  SAMSO/YCT 

Attn:  Lt  Col  J.  C.  Durrett 

P.  O.  Box  92960 

Worldway  Postal 

Los  Angeles*  CA  9C009 


ENGINEERING  EXPERIMENTS  SCI 


One  ox  the  engineering  experiments  measures  the  profile  of  charging 
events  on  insulators*  grounded  insulators*  and  isolated  conductors  in 
conjunction  with  various  environmental  parameters  measured  on  the  same 
satellite.  Surface  potentials  up  to  20  kV  are  measured  using  an  electro- 
static voltmeter  and  also  by  measuring  leakage  currents. 

Other  experiments  measure  the  power  spectrum  of  very  low  frequency 
electromagnetic  waves.  Using  a spectrum  analyzer  the  spectrum  from 
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400  Ha  to  300, 000  Ha  is  measured  In  eight  frequency  intdrvhls*  Soectrum 
measurements  are  also  made  in  the  RF  region  of  ^e  electromagnetic 
dpectrutn.  Five  measurements  are  made  in  the  2 to  30  MHa  band. 
Objectives  of  these  instruments  are  t6  measure  characteristics  of  electro* 
magnetic  disturbances  oh  the  spacecraft  and  to  measure  the  intensity  and 
spectra  of  eieCtromagnetic  and  electrostatic  emissions  caused  by  the 
energetic  particles  near  the  spacecraft. 

- A pulse  shape  analyzer  measures  the  shape  of  electromagnetic  pulses 
in  the  tone  domain  from  7 nsec  to  3.  7 msec.  * ^ 


SHEATH  ELECTiMC  FIELDS  SC2 


This  experiment  is  intended  to  provide  the  electron  and  ion  distribution 
functions  over  a limited  energy  range,  less  than  20  keV,  at  three  positions 
In  the  spacecraft  plasma  sheath.  The  experiment  also  measures  the 
floating  potential  relative  to  the  spacecraft  ground  of  tvro  biasable  spherical 
probes.  The  aitus  of  the  expej  lment  are  to  obtain  insight  into  the 
characteristics  c'  opacecraft  sheath  fields,  to  observe  the  effects  of 
particles  that  cm.;*.  ,i<e  the  energetic  plasma  near  a spacecraft,  and  to 
observe  the  potentu.1  that  a relatively  simple  geometrical  shape 
attains  in  the  plasma  environment  both  in  surJight  and  in  shadovr. 

The  proton  detector  consists  of  a two-element  solid-state  telescope. 
Protons  with  energy  between  17  and  7 17  keV  are  measured  in  six  enerev 
channels. 


An  ion  detection  system  consists  of  a two-element  Solid-state  telescope 
collimated  and  heavily  shielded.  Ions  with  energies  greater 
than  90  keV  /nucleon  are  detected.  * 


HIGH  ENERGY  PARTICLE  SPECTROMETER  SC3 

The  instrument  is  a solid-state  particle  spectrometer  consisting  of 
four  sensor  elements.  Various  logic  combinations  Of  the  four  sensors  in 
tM  instrument  are  used  to  determine  the  particle  types  and  energy  ranges. 
The  various  particle  types  and  energy  ranges  are  measured  in  several  time* 
multiplexed  modes  of  operation  that  are  command- selectable.  Electrons 
with  energy  between  50  keV  and  5 MeV  are  analyzed  as  are  protons  with 
energy  between  5 and  200  MeV.  ^ 


SATELLITE  ELECTRON  AND  ION  BEAM  SYSTEM  SC4 


The  satellite  electron  beam  system  is  to  be  used  for  the  ejection  of 
electrons  from  the  P78-2  spacecraft.  Instrument  ground  is  connected  by  a 
low  impedance  path  to  the  spacecraft  ground,  and  thus  ejection  of  electrons 


poirlttve  with 

the  Won  current  ?e?^^  2!JlT^LZ^^  determine: 

caueed  by  ^ slfca  electrpna  and  (2)  to  swing  tht^ewlte®to5^®®®i5^‘  g>^Qu»d 
relative  to  the  ambient  plasma^'  ’ ' ® vehicle  to  a positive  potential 

p;y^ I-  to  bo  «i«d  bn  ^ P78-2 

or  bebm»  containing  both 

eUctrtcaUy  eonne^bVo  fti  PM  2 P»yJoad  to 

tmpodance  path  ao  ttii  *brbugh  a low 

detormining  the  potential  dllferonco  botwabn*.''^***  l*»gO  *ole  Ip 

ambient  ptooma/  The  loh  ^r'c eT  ^ XtoL  I?.?,'/** 
instrument  can  be  used  to  adjust  the  oot-Sia?  chamber.  This 

to  the  ambient  plasma.  The  ootentlaf ?fv^®  vrith  respect 

depending  on  h^  moch 

rapid  scan  particle  detector  SC5 

opac«r'ittl^7.7p“LTeSL"J^^^^  ‘«>P  tocMOnt  to  the 

The  number  denSl^rtempMMuw  ^ *f  '^  ** ‘^*  •^ecraft. 

relationship  of  these  Stlties  to  of  the  plasn«  and  ih^.  , 

be  determined.  The  instrument  also  mOnlter/f*®  *f^**^*^^i  charging  will 
and  Ion  Beam  System;  monitors  operation  of  the  Electron 

The  instrument  consists  of  two  a«afa  nt  a 

perpendicular  and  parallel  to  thf^pin  JLis 

m‘^«?ns:r  TSr.en/o?^m:a“"‘'  ”%«“”^>ictr«5  tar 

SO  ev  to  1. 1 MevtTd* 

THERMAL  PLASMA  ANALYZER  SC6 
the  electrostatic  pientiaS^bf  the  SatSlftew^  thermal  plasma  and 

consists  of  three  identical  olanan.  «ae.^i  i J**®  Thermal  Plasma  Analyzer 

retarding  potertlal  a^te?^  " 
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light  ion  mass 


SPECTROMETER 


SC7 


aftd  cotnposifidA  of*the1low^&*  ^®signed  to  measure  the  denaii^v 
«g*cecraft.  a,  ordo? to  J^ewtoJd *" 

racMon. 

orbit  amtude,  »nd  „ J.  component  ie  teiMrunt  tj?  “oaocred. 
density,  exceeding  10o7Z^^  *'‘®  'omponem  tato^ro^'-'-ce 

S-SSsflEtSS? 


energetic  ion  composition  experiment 


SC8 


— kJV^O 

This  ihstruniefi^  ^ 

mmm^m 

UCSD  CHARGED  PARTICLE  EXPERIMENT  SC, 
e"erJy,%“ecMMt“^',i^^^  particle  fluxes  as  a fu  .. 

th;“s^‘cfu^s;‘^rn^‘  s*r‘”“  ?nd7oi'srd‘*:{s" 

emifled  by  tbe  WctooX^B^tm'ly'^^em".**”"''”^ 

or ‘"tei 

’e^trsTtv*  °°  ‘K\7?i5e  of 

that  cuts  actossV  toXd  ‘ 

^aeuHng  pa«ic.es  .itbV4  Vy 
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electric  field  detector  SClO 


a douMe  floating  ensemble  that  will  measure  DC 

^ a?”n‘^htSSfDC 


magnetic  field  monitor  sen 


The  Instrument  is  a triaxial  fluxgate  masnetometer  E!Atf*h  a«4a 
range  of  approximately  *500  X The%esSXn  o?^ 


spacecraft  contamination  ml  12 

experiment  is  designed  to  determine  If  spacecraft  charsins 
® t*ie  i*ate  of  contaminaticn  airriving  St  exterior 

surfaces.  The  contamination  transport  mode  under  investisation 
involves  the  ionization  of  molecules  outgassed  or  rel^aed  hv 

the  vehicle.  One  sensor  is  a combined  retarding  oOtential  anaiv^tfv  a^A 
temperature  controlled  quartz  crystal  inicrobalance  Wttii  if  ,i4a^4<rt  Ai 
can  b.  made  b«we.B  etarged  andCcWr^ed  „rtX  moUeSw,  wtJma 
Hon  concerning  the  temperaiore  dependOMe  ol 
and  desorption  rates  can  be  obtainede  Another  seMtSr  tw 

h:nc?^*.;:”"fbT^srce  "S  ‘"o 
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TABLE  I 


PRINCIPAL  n^VESTlGATORS /SPONSORS 


Experiment 

Number 

Title 

Principal  Investigator/ 
Sponsor 

Address 

SCI 

Engineering  Experiments 

br,  H.  C.  Koone/ 
USAF/AFSC/SAMSO 

The  Aerospace  Corporation 
F,0.  Box  92957 

Llia  Angeles  p CA  90009 

SC2 

Spacecraft  Sheath 
Electric  Fields 

Dr,  3,  F,  Fennell/ 
USAF/AFSC/SAMSO 

The  Aerospace  Corporation 
P.  O.  Box  92957 

SC3 

Los  Angeles,  CA  9(i009 

High  Energy  Particle 
Spectrometer 

Dr,  J,  B,  Reagan 
Office  of  Naval 
Research 

Lockheed  Palo  Alto  Research 
Labp  3251  Hanover  Street 
Palo  AltOp  CA  94304 

SC4 

Satellite  Electron  and 
Positive  Ion  Beam  System 

Dr.  H.  A,  Cohen/ 
USAF/AFSC/AFGt, 

Hanscom  AFB/LKB 
Bedford.  MA  01731 

SC5 

Rapid  Scan  Particle 
Detector 

Lt.  D.  Hardy/ 
USAF/AFSC/AFGL 

Hanscom  AFB/PHE 
Bedlord,  MA  01731 

SC6 

Thermal  Plasma  Analyzer 

Dr.  R,  C,  Sagalyn/ 

Hanscom  AFB/PHR 

USAF/AFSC  /AFGL 

Bedford,  Ma  01731 

SC7 

Light  Ion  Mass  Spectrometer 

Dr.  D,  L.  Reasoner/ 
Office  of  Naval 

I^ASA  Marshall  Space  Flight 
Center,  Code  BS-23 

Research 

Huntsville,  AL  35815 

SC8 

Energetic  Ion  Composition 
Experiment 

Dr.  R,  G.  Johnson/ 
Office  of  Naval 
Research 

Lockheed  Falo  Alto  Research 
Lab,  3251  Hanover  Street 
Palo  Alto,  CA  94304 

SC9 

UCSD  Charged  Particle 
Experiment 

Dr.  S.  E«  Deforest/ 
Office  of  Naval  Re* 
se  ar  ch/ USAF  / AFSC  / 
SAMSO 

Uhiversity  of  California 
BO  19  Dep:.  of  Physics 
La  Jolla,  CA  92093 

SC  10 

Electric  Field  Detector 

Dr.  T.  L.  Aggson/ 
Office  of  Naval 

NASA  Gk>ddard  Space  Flight 
Center,  Code  625 

Research 

Creenbelt,  MD  20771 

sett 

Magnetic  Field  Monitor 

Dr.  B.  G.  Ledley/ 
Office  of  Naval 

NASA  Goddara  Space  Flight 
Center,  Code  625 

Research 

Creenbelt,  MD  20771 

ML12 

Spacecraft  Contamination 

Dr.  D,  F.  Hall/ 
USAF /AFSC /AFML 

The  Aerospace  Corporation 
P.O.  Box  92957 

Los  Angeles,  CA  90009 
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H.  B.  Garrett 

Air  Force  Geophysics  Laboratory 


SUMMARY 


An  analytic  slmulaticn  of  the  gecsytichroitous  eionrlronment  in  terms  of  local 
time  and  the  dally  Ap  index  Is  ptesehted.  Hie  simulation  Is  cosqpared  with 
actual  sta^stlCal  data  f rent  approjclmately  50  days  of  AXS>5  plasma  data  and  50 
days  of  AXS-6  plasma  data.  At  low  levels  of  activity  the  model  adequately 
simulates  the  local  time  variations  of  the  plasma  parSmeters.  At  values 
Cf  geomagnetic  activity,  the  predicted  magnitudes  of  the  plaSma  paradeters 
agree  with  the  statistical  results  but  the  effects  Of  multiple  Injections  are 
evident  In  both  the  data  and  the  simulation,  biasing  the  local  time  variations. 


INTRODUCTION 


The  geosynchronous  environment  Is  probably  the  harshest  Space  environment 
from  a spacecraft  charging  standpoint.  As  a result,  the  modeling  of  the  geo- 
synchronous plasma  and  of  the  associated  potential  variations  Is  critical  to  a 
proper  understanding  of  spacecraft  charging.  As  this  Is  also  the  region  of 
primary  communication  satellite  operation.  It  is  dCUbly  Inqiortant  to  accurately 
model  this  region.  In  this  paper  we  will  discuss  the  efforts  of  the  Air  Force 
Geophysics  Laboratory  In  defining  the  geosynchronous  environment.  The  first 
section  will  present  the  types  of  models  and  data  available  from  AFGL.  These 
models  will  be  compared  and  preliminary  results  discussed  In  subsequent 
sections. 


DEFINITION  OF  MODELS 


Philosophical  Considerations 

There  are  at  least  four  types  of  magnetospheric  models  that  are  of  con- 
cern to  the  spacecraft  charging  community.  Briefly,  the  simplest  (conceptually) 
is  a statistical  compendium  or  histogram  of  Various  parameters  as  a function 
of  space  and  time.  Such  models  have  little  theoretical  input,  being  based  oh 
actual  measurements.  Consideration  of  basic  physical  principles  makes  possible 
the  creation  of  simple  analytic  expressions  capable  of  simulating  the  environ- 
ment - the  second  t^e  of  model.  Ihlrd,  are  static  field  models  r that  Is, 
models  ithlch  employ  theorjr  to  predict  the  trajectories  of  charged  particles 
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dej^endent  models  cdpdble  ot  aecoufitihs  for  rf  3-dimehslonal  tlme- 

e^lfonmeitt.  Conslderlftg  the  levefSI  fur  cwJeft^ffforJrJ**”® 
charging,  we  will  limit  ourodlves  to  efforts  In  spaceoraft 

two  models  are  much  too  detailed  for  our  oreBent^^^H**®?  "jodels  - the  latter 
a review  of  current  models  la  each  of XSrca?egfSes) 

Stetlstlcai  Model 

varlofnuSf^far^Jis^baslf J!t  compendiums  or  histograms  of 
of  model  are  the  dlstrlhitlon  functions  of  Chan  et^fl* 

average  spectrum  In  tertns  of  enerey  and  dlfforafrf^i  generated  an 

magnetospherlc  and  soUr  wind  regloS  Llke^sr  various 

averaged  a year  of  AXg-5  geosyffhrf^is 

tributlon  functions  and  other  sStlsSiL?  !S  ^ average  partieie  dis- 
a somewhat  similar  course  at  AFiGi.,  we  have**lLiit2*^V  Although  we  have  taken 


The  4 moments  are  defined  as  follows: 


idiere 


<»Pi> 

<Pl> 

<EFj^ 


<*i> 

<HP|> 

<h> 

<BSl> 


■ ii  v2  dV  . 

_^vi)  fj  v2  dv  - _aL 

^ ^ ITTmi  / 

" 4 rr  (1/3  mi)  ^ (v2)  v2  dV  « n^kTi 

■ £i  dv  . ^ 

2 V tirn^  / 

- number  density  for  species  1 (number/cm^) 

- number  flux  for  species  1 (number/cm2sec-sr) 
" pressure  for  species  I <dynes/cm2) 

- energy  flux  for  species  I (ergs/cm2sec-Sr) 


(1) 

(2) 

(3) 

(4) 


The  lntegr.1  ,n  right  «.  £ot  a Max«U.,.u^  diatributlon: 

^ o 


f±  (V) 


“i  (!^ V 

' 2H  kTj  f 


3/2  ^ “mVi^/2kXj 


(5) 
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^ere  « number  deiisity  of  species  1 

itii  « maas  of  apeclea  1 
Ti  ■ temperature  of  species  1 
Vj  M velocity  of  species  1 
K ■ BoltzmSim  constant 
f -.■  distribution  In  sec^/km® 


15i‘e  description  of  the  plasma  In  terms  of  ! ^se  <[uantlties  Is  quite  useful 
as  Mt  only  are  they  physically  meaningful  In  tho*r  own  right,  but  they  can  be 
used  to  derive  a Maxwellian  or  2-MsxWelllan  distribution  of  the  environment 
(see  Garrett  and  DeForest,  1978). 

(1977)  have  compiled  statistics  on  the  4 moments  for  ATS-S 
during  1970.  Ihelr  data  consist  of  10  minute  values  for  the  distribution 
from  scanning  AtS-$  spectrograms.  We  have  undertaken  a 
siirtlar  study  of  approximately  50  days  of  ATS-5  data  from  1969  and  1970  and  45 

oriei^l  ^ (Johnson  et  al.,  1978).  In  our  study  ^e 

original  digital  data  were  integrated  to  give  the  4 moments  of  the  distribution 
fumtlon  for  each  satellite.  Ihe  ATS-6  data  Were  corrected  for  satellite 

^ currents  (the  AlS-5  satellite  spectra  begl::  at  50  ev  pre- 

cluding a correction  except  In  extreme  cases  like  eclipses).  The  4 moments 
were  combined  to  give  10  minute  averages  (note:  the  4 Lmenis  cal  be  pr^crly 

ATS  5®^  hV  mathematical  sense,  the  temperature  cannot).  *^Por^ 

the  detector  components  both  parallel  and  perpendicular  to  the 
**^tfc*^*^^  Mis,  for  ATS- 6 We  have  Only  the  component  parallel  to  the 

SeopUyLcal  and  apfeLnls 

fee  tapes  were  and  are  being  analyzed  by  a variety  of  techniques.  In 
response  to  a desire  on  the  part  of  the  spacecraft  charging  community,  we  have, 
as  a first  step,  compiled  tables  of  the  characteristics  of  the  electron  and 
Ion  currents  and  temperatures.  3he  occurrence  frequencies  (note:  the  ATS-6 
data  are  still  being  reviewed  and  may  be  subject  to  revision)  for  these  para- 

figure  1.  Several  features  are  apparent  in  this  ^.sure 
which  Will  be  discussed  in  detail  later. 

4 import^t  point  in  the  derivation  of  figure  1 that  must  be  considered 

is  the  estimation  of  the  plasma  tenq>erature  from  the  4 moments  of  the  dlstri- 
butlon  ^nctlon..  A single  temperature  cannot  be  defined  If  the  plasma  is  not 
Maxwellian  or  in  the  case  the  plasma  consists  of  two  or  more  Maxwellian  com- 

^Ich  are  the  norm  at  geosynchronous  orbit.  As  a test 
of  this  effect,  we  have  defined  two  "ten^eratures:" 


T (AVG)  - 
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(6) 


T (RMS)  = . 

2 <NF> 


(7) 


These  tem{»eratutes  vlll  be  equal  and  have  meaning  as  temfieratutes  aud 
oiilv  If  the  plasma  Is  a Maxwellian  plasfiia  (ItC*,  reprosentable  by  equation  5)* 
The  marked  difference  between  T(AVG)  and  T(RMS)  In  figure  1 Is  a direct  result 
of  the  absence  of  a Maxwellian  plasma  at  geosynchronous  orbit* 

If  the  plasma  is  considered  to  consist  of  2 Maxwellian  components • then 
we  can  define  two  temperatures  and  two  densities  as  follows  for  species  1: 

/ v3/2  ” -®lVlV2kT2i 

n2j^»  and  1'2£  can  be  derived  directly  from  equations  1 through  4* 
T(AV6)  and  T(RMS)  can  be  expressed  in  terms  of  these  quantities: 


I <A»G)  - Ik 

n^  + n2 


(9) 


T (RMS) 


3/2  3/2 

“k  Vl  °2^2 

k h 

“1^1  + »2T2 


(10) 


For  typical  values  we  find: 

For  Electrons 

. 3 

■ 1/cm 

Ti  - 500  eV 
n2  • 0,2/cm 
l2  • 6000  eV 


For  ions 
n^  • 1/cm^ 

Ti  - 100  eV 
n2  ■ 1/cm^ 

T2  - 9000  eV 


T(AVG)  Ct  1400  eV 
T(RMS)  SS,  2750  eV 
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T(AVG)mf4550  eV 
T(RMS)tt8150  eV 


It  t6  also  linportant  to  i&S  ?w  5?  dlfferen^ee  between  T(AVG)  and  T(lMS). 
t-ir^o,  Ihey  are  the  result  of  a deflSte  valid  teitpera- 

b«in«  as  scaling  parameters  In  obtalnlne^-JrS"®  ^**®^*^  primary  use 

function*  A common  {Problem  Is  tiiat  dlatrlbution 

of  the  temperatures  will  be  uiireAiiai*‘f  ii  ^®  close  to  lisjnreliiahf  one 

«lb»ttrS.  ?5S  cC  « ^ ««n  thou^  the  fitted  dh- 


Analytic  Simulation  Uodel 

etetlJ^wJ  £S^.*Sd‘Sd“.Sd‘JSS  “*throroiT’‘'*‘  ** 

attempting  to  derive  "temperatutM  " ^n  Y?  An 

forward  application  of  thU  m^ls.  JrJ^fL  * ?***J«*‘"- 

tlstlcal  model  of  the  geosynchr^u^orblt  i«  deficiency  In  the  eta-  , 

and  ranges  for  given  parameters  no  att-u-iLii.i  h 4 j ***^?^^  SAVas  average  Values  t 
taneous  time  vdrlatlons  in  different  pdraLters"(l"t  ^ If  **e  simul- 

SoS^^UJjei:- Se--i,  h^be“ 

&wtloS%w“?SreLu^  sel^tS®d°^ 

S--^- 


Ap)  01  (a^j  + ai  Ap)  + bi  cos  (LT  + tj^)J 
pE.  <M  + tj  )]} 


+ b«  cos 


Vhere  M(LI,  A^)  - predicted  valae  of  aid  moment  H et  local  time  LI  and 
for  activity  level  Ap  » g ap  (i.e.,  daily  average  of  a„) 

®o»  ®i»  *>Q,  b|,  b2,  tj^,  t2  **  coefflelencts  determined 
by  die  regression  (see  Table  1). 

- *TLr;ivSTSie“T  »T” 

reader  i,  referred  to  Oerrett  (1977)  for  e detelled  and 

InJected^whlle^the^sateiute^was^at^mldSah  plasma  was 

charging  la  believed  to  take  place.  " **®*^^°**®  '*®“  maximum  spacecraft 
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inodel  and  problems  associated  with  It,  Only  a cursory 
description  will  be  given  here,  ' <-u*rBuiry 

The  analytic  model  has  been  found  to  adequately  simulate  variations  in  the 
geos^ehronous  environment  following  substorm  inlectlon  when  a satellite  is  at 

acMviJi?  A.  values  of  - 4 to  - 48  (i.e..  low  to  moderately  high 

activity).  Above  *-  48,  the  model  properly  sliulates  the  environment  hut  is 
biased  toward  the  plasma  parameters  on  the  particular  days  of  high  activity 
that  were  studied,  jag£  average  conditions.  The  parameters  returned  by  the 
model  show  the  peak  in  charging  to  shift  from  near  midnight  (as  expected)  to 

levels  of  activity.  This  was  traced  to  the  actual  data  for 

W8  *‘=^8h  activity  (l,e,  days 

?*  ^3^  As  we  were  careful  to  select  only  days  for 

jAlch  Injections  began  ^en  the  ATS-5  satellite  was  near  midnight,  this  may  well 
be  a common  feature  of  the  plasma  conditions  associated  with  high  activity. 


MODELING  RESULTS 

i P*^®f®“ted  the  results  which  form  the  basis  of  the  AFGL  Environ- 

of  T^AVGr^TfmS^””*^  Figure  2_ls  a plot  of  the  average  local  time  variations 

current  for  ATS-5  and  ATS-6*  Error  bars  have  not  been 
indicated  th^  are  rou^ly  50%  of  the  average  value.  Also  shown  are 
estimates  of  T(AVG),  T(8MS),  arid  current  for  an  Ap  value  of  15  (or  average 
geomagnetic  activity)  as  derived  from  the  AFGL  simulation  model.  For  ATS-5 
the  results  for  the  statistical  model  and  the  simulation  model  are  in  excellent 
agreement  confirming  that  the  siimilation  adequately  predicts  average  conditions, 

- ^ iu^icates  (^Ical  (Ag  = 15)  and  active  (Ap  “ 207)  conditions  as 

predicted  by  the  simulation  model  Ithe  average  energy  is  the  ratio  of  the 
energy  density  to  number  density  and  is  equal  to  3/2  T(A'^G)).  The  results  are 
in  good  agreement  with  DeForest  and  Mcllwain  (1971)  for  "typical"  activity 

IZt  ll  ^ “I*  h*  "2.  and  T^  Notrin  an  cases 

X4  fo^**the  iLr  XIO  change  In  tie  A^oments  lor  the  electrons  and 

Is  w 8«°«“8netic  activity  (also,  the  current  as  current  density 

P^Poytional  to  number  flux),  but  little  in  energy  (or  temperature). 

1978i  twf  statistical  model  (see  Garrett,  et  al. 

19787,  there  being,  at  most,  a doubling  of  temperature, 

1 differences  between  ATS-5  and  ATS-6  as  presented  in  figures 

i-hA  AT«?  ? *3?®  in  geomagnetic  activity  between 

the  ATS-5  and  AIS-6  data,  the  foregoing  observations  and  dlfferenws  preclude 
an  uMmblguous  explanation  at  this  time.  Interestingly,  there  is  significant 
agreement  as  to  the  local  time  variation  between  ATS-5  and  ATS-6. 
TIRMS7,  for  example,  peaks  near  1800  for  electrons  and  ions  \hll<-  the  current 

l"tl  P®®*'®  ”®®"  for  the  ions  (^  else  is 

electrons).  Considering  the  varied  data  sources  from  which  the 
results  came,  this  agreement  is  quite  surprising  and  deserves  further  analysis. 
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CONCLUSIONS 


The  Air  Perce  Geophysics  Laboratory  has  developed  two  simple  models  of  the 
geosynchronous  plasma  environment.  These  ntodels  wore  specifically  developed  in 
response  to  <d:e  needs  of  tdio  spacecraft  charging  community.  In  summaty,  a 
detaUed  model  (t,e,,  the  histograms  and  average  values  versus  local  time)  was 
developed  based  on  ATS-5  and  ATS-6  data.  Although  this  model  provides  infor- 
^tlott  on  the  ranges  of  parameters,  it  does  not  simulate  actual  plasma  changes 
In  time.  An  analytic  simulation  model  expressible  in  a particularly  conmact 
form  was  developed  in  response  to  this  latter  need.  The  two  models  were  shown 
to  be  consistent  for  average  conditions.  The  simulation  is  known  to  jredlct 
maximum  spacecraft  potentials  near  noon  for  high  levels  of  geomagnetic  activity 
deliberately  biased  toward  injection  events  beginning  when  the  satel» 
lite  is  near  midnight.  Even  so,  it  adequately  predicts  geosynchronous  plasma 
variations  under  a variety  of  conditions. 

Affinal  point  is  the  Importance  of  the  observation  that  T(AVG)  ^ I^RMS) 
most  of  the  t.*me.  This  means  that  only  rarely  (apparently  primarily  at  mid- 
night) is  the  low  energy  plasma  representable:  by  a Maxwellian  distribution  and, 
hence,  a temperature  in  the  classical  sense  of  the  word.  Errors  as  great  as 
a factor  of  3 are  common  between  T(AVG)  and  T(BMS),  It  is,  therefore,  strongly 
reconmended  that  a 2-Maxwelllan  distribution  be  used  where  possible  as  a mini- 
mal representation  of  the  plasma.  This  distribution  is  readily  derived  by  a 
single  algebraic  ^ression  from  the  4 moments  of  the  distribution  function 
(see  Garrett,  1977),  All  data  and  computer  programs  are  available  from  AFGL, 
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Fiaure  1.  ■ Statistical  occurrence  frequencies  of  ATS -5  (1969  and  1970)  and 
ATS-e  (1974  and  1976)  electron  and  ion  current  densities,  T(RMS),  and 
T(AVG).  ATS-6  values  should  be  considered  provisional. 
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AVEIUGE  plasma  ENVlfVDNMENT  At  GEOSYNCHRONOUS  ORBIT 

s.-y.  Su 

Lockheed  Electronics  Co.*  Ihc. 

A.  Kbnradl 

NASA  Johnson  Sjlace  Center 
SUMMARY 

The  average  plastta  environment  at  geosynchronbus  orbit  (GSO)  is  derived 
from  a whole  year's  worth  of  t>lasma  d&ta  obtained  by  the  UCSU  electrostatic 
electrometer  on  board  ATS~^.  The  resxilt  is  primarily  intended  for  use  as  a 
general  reference  for  .engineers  designihg  a large  spacecraft  to  be  floVh  at 
GSO.  A simple  mathematical  formula  using  a 3rd  order  polynomlcO.  is  found  to 
be  adequate  for  representing  the  yearly  averaged  particle  energy  sl>ectrum  ttim 
70  to  hljOOO  eV  under  different  geomagnetic  conditions.  Purtherinore»  corre- 
lation analyses  with  the  geomagnetic  planetary  index  Kp  and  with  the  atiroral 
electrojet  index  AE  were  carried  out  in  the  hoJ)6  that  the  ground  observations 
of  the  geomagnetic  field  vEuriations  can  be  used  to  predict  the  varia- 

tions in  space.  Unfortiuiately,  the  results  indicate  that  such  forecasting  is 
not  feasible  by  use  of  these  two  popular  geomagnetic  parameters  alone. 

introduction 

A general  introduction  to  the  plasma  environment  near  geosynchronous  orbit 
(GSO)  was  given  by  S.  E.  DeForest  (ref.  l)  at  last  year's  conference.  It  was 
understood  that  the  dynamic  behavior  of  the  plasma  environment  near  GSO  is 
extr^ely  complicated  and  that  the  observations  made  by  a single  spacecraft  so 
fax  fail  to  resolve  the  temporal  euid  spatial  variations  of  the  environment. 
Without  complete  knowledge  of  the  physical  processes  of  the  environment,  it  is 
impossible  to  present  any  numerical  model  to  quantify  the  plasma  paz'ameters 
that  describe  the  complicated  dynamic  magnetosphere  during  the  substorm  period. 
However,  long-tem  statistical  averages  of  the  plasma  environment  can  be  used 
as  a ground-zero  approach  in  defining  the  plasma  environment  at  GSO.  Stich  a 
model  can  be  used  by  theoreticians  as  the  steady-state  solution  in  the  particle- 
spacecraft  Interaction  model.  It  also  is  a great  asset  to  engineers  in  under- 
standing the  long-term  dosage  of  the  low  radiation  to  be  considered  in  the 
design  of  a large  spacecraft. 

Only  a few  spacecraft  have  carried  detectors  that  are  capable  of  measur- 
ing particles  with  a wide  range  of  energies.  The  UCSD  plasma  experiment  flown 
on  ATS-^  at  GSO  measured  plasma  energy  flux  intensity  for  the  energy  rcuige 
from  50  to  50,000  eV  for  both  positive  ions  (assumed  to  be  piratons)  euid 
electrons.  These  particle  data  represent  the  typical  plasma  environment  at 
GSO.  They  are  available  to  the  science  community  in  the  form  of  particle 
energy  spectrograms  plotted  on  microfilm,  with  differential  energy  flux 
intensities  encoded  into  a range  of  gray  scales.  No  example  of  such  a spectro- 
gram will  be  shown  here  because  it  is  assumed  that  the  audience  is  familiar 


with  the  format  of  McIlVain's  spectrogram  (ref.  2).  The  data  coverage  was 
fairly  complete  at  the  heglnnlhg  of  experiment  so  that  the  year  1970  was 
chosen  for  long-term  statistical  analysis.  The  year  1970  Is  quite  close  to 
the  sun-spot  maximum  of  the  11 -year  solar  cycle;  thus*  these  plasma  data  should 
represent  a moderately  active  radiation  environmeiit  at  GSO. 

DATA  REDUCTION 

To  obtain  the  numerical  values  of  the  particle  energy  spectrum  for  the 
present  analyst s»  we  first  used  the  Boiler  and  Chi vend  Photometric  Data 
System's  Microdensitometer  to  digitize  the  gre^  codings  of  the  energy  flux 
intensity  in  the  Spectrogram  from  the  microfilm.  In  order  to  avoid  edge- 
interference  of  the  data  on  the  microfilm  during  the  pi'ocess  of  digitization, 
the  minlmtim  and  maximum  energy  limits  are  set  at  70  eV  and  4l,000  eV,  respec- 
tively. Forty-eight  energy  level  steps  between  the  minimum  and  maximum  limits 
were  chosen  to  cover  approximately  equal  energy  intervals  on  a logeurithmic 
scEQ.e.  The  data  Were  digitized  at  10-mlnute  spaclngs  of  universal  time  (UT). 
The  numerical  data  of  day  1 and  dsy  2 of  1970  obtained  by  the  digitization 
procedure  were  plotted  to  compare  with  the  data  published  by  DeForest  and 
Mcllwain  (ref.  2).  The  digitized  data  were  found  to  be  accurate  within  a 
factor  of  2 of  the  original  data.  The  digitized  particle  energy  flux  inten- 
sities were  converted  to  psrticle  number  flux  intensities  by  dividing  the 
energy  flux  intensities  by  the  corresponding  energy  level  measured  in  eV.  The 
data  for  each  10-minute  interval  is  then  stored  as  a single  data  point  in  the 
computer's  memory  to  create  a large  data  bank  for  the  analysis  carried  out  in 
the  next  section. 

Owing  to  the  man-power  shortage  for  digitizing  the  spectrogram  on  the 
microfilm,  only  the  particle  fliixes  perpendicular  to  the  loced  geomagnetic 
field  lines  were  digitized.  The  pitch  angle  distributions  of  the  particles 
are  not  available  -in  the  present  eumlysis. 

DATA  ANALYSIS 

The  data  are  presented  in  local  time  (LT),  instead  of  universal  time  (UT), 
to  indicate  the  satellite  location  in  the  magnetosphere.  The  local  time  is 
related  to  universal  time  by  the  fomula  LT  = UT-7.  As  mentioned  before,  the 
data  are  obtained  at  10-minute  intervals  and  are  stored  in  the  computer's 
memoiy  bank.  Three  consecutive  data  points  ere  then  averaged  into  one  half- 
hour  data  point.  All  available  half-hotir  averages  in  1970  were  then  averaged 
into  2U  hourly  averaged  data  points  e0.ong  the  satellite ' s 2U-hour  period 
orbit.  The  results  are  shown  in  Figure  1.  The  electrons  are  seen  to  have 
higher  flux  intensities  them  the  protons  at  eJJ.  times.  The  shapes  of  the 
energy  sp  -a  for  both  protons  and  electrons  chemge  very  little  between  two 
adjacent  It^-al-tlme  observations.  However,  noticeable  changes  are  evident  in 
the  flux  intensities  and  in  spectral  shapes  between  widely  separated  local 
times  (e.g.,  compare  00-01  LT  and  12-13  LT).  The  reason  for  such  differences 
is  that  the  satellite  detects  large  flux  intensities  in  the  night-side  magneto- 
sphere where  the  low  energy  plasmas  are  energized  during  substorms.  As  those 
newly  energized  plasmas  begin  to  drift  around  the  earth  toward  the  day-side 
magnetosphere,  they  are  subjected  to  various  loss  mechanisms  and  to  particle 
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different  in  spectral  shape  and  in 
the*II?ii+  detected  hy  the  spacecraft  on  the  dsy-side  or  on 

elLtrM*mefti.ft  of  a local  mlnimmn  in  both  the  proton  and 

StoShLf  Tv  S ®°0°  1“  <=he  day-side  mag- 

«eatl^  f ! ’*'?  spedeS  in  that  energy  range  have  been 

greatly  depleted  due  to  a greater  loss  process  operative  on  them. 

The  results  of  the  averaged,  energy-integrated  number  flux*  enentv  flux. 

energy  plasma  particles  observed  in  1970  are  listed 
in  Tables  1 and  2 for  protons  and  electrons*  respectively:  tt  ll  knJ^ 

protons  and  electrons  with  etterglee  between  10,000  and  200  000 
eV  contribute  substantially  to  energy  flux  InteSity  and  ener^  denStv 
not  to  number  flux  intensity.  Since  the  present  study  covers^nly  particle 
energies  up  to  ^1,000  eV,  to  obtain  estinites  of  the  p^HJe  eSS^  and 

5“  S 5!  Multiply  the  ralue.  given  in  iSlee  1 end  2 

A ^quency  distribution  of  the  occurrence  of  large  integral  flux  levels 
^ong  the  satellite  orbit  is  plotted  in  Figure  2.  The  criterS  for  ^leSg 

protons  and  electrons  are  set  so  that  they  repr^ 

The  hi^elertroi^f?^!  ““e  commonly  observed  during  moderate  substorms. 

eleetTOn  flux  intensities  are  primarily  observed  in  the  ni«ht-side 

LT^^O^°the^fh'^^*J  m^mum  frequency  occurrence  located  between  01  and  02 

proton  flux  intensities  are  observed  at  all  locS 
times  although  the  peak  frequency  is  still  centered  around  00  LT?  The  reason 

distribution  is  that  the  electrons  are  more  readily  pre- 
Sirf  upper  atmosphere  as  they  drift  toward  the  day-side  m^eto- 

phere  after  they  are  injected  in  the  night-side  magnetosphere;  thus  thev 

iiS  ™ ^ 0^1^“  hLI::  are 

+>>o  IZ  level  of  flux  intensity  is  more  or  less  maintained  alone 

he  drift  paths  after  they  were  injected  in  the  night-side  magnetosphere. 

^?®®  mechanism  is  not  very  operative  for  protons,  the  level  of 
Lndang.^11*  intensity  along  the  GSO  changes  very  little,  indicating  lesser  de- 
pendence on  geomapietlo  conditions,  while  the  electron  flux  intensity  fluctur 
ates  drastically  in  accordance  with  geomagnetic  activities.  In  other  words, 
if  minimum  electron  flux  intensities  can  differ  by  about  a factor 

ffctw’of  20  minimum  proton  flux  intensities  differ  merely  by  a 


One  of  the  objectives  of  the  present  data  analysis  is  to  correlate  the 
energy-integrated  flux  Intensities  observed  at  GSO  with  ,the  geomagnetic  activi- 
^ ®°“®  ^^®®  8«>und  observations.  This  is  carried  out  in 
of  J^otal  flux  level  in  space  can  be  predicted  from  observations 

of  geomagnetic  indices  on  the  ground.  Because  of  the  different  loss  mechanisms 

sities^I^v^?/r^''!I®  electrons  at  GSO,  the  measured  electron  flux  IntL- 

^®^®®  variations  in  the  day-side  magnetosphere 

with  the  oid^SHdimi  *^®  injected  protons  may  blend 

^l^es  and  drift  together  around  the  earS  to  be- 

®®®^  other.  The  cong>licated  temporal  and  spatial 
variations  of  the  protons  and  electrons  in  space  may  limit  the  utility  of  the 
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analysis.  Nevertheless,  a linear  correlation  analysis  was  carried 
out  to  determine  the  degree  of  the  relationship  between  the  particle  flux  In- 

analvsis^S^+h^^  geoma^etic  indices.  The  geomagnetic  Indices  used  for  the 

(K^  iJLx  Se  geomagnetic  planetary 

Z“  V The  AE  index  can*  in  principle,  reveal  suhstorm  activity  in  the 
mgnetosphere  and  is  available  in  half-hour  averages  for  the  Weelnt  stSdv  On 
the  other  hand,  the  Kp  index  is  only  available  in  3-hour  averaSrJo  tha?^;^^? 

carried  out  for  supplementary  purposes 
correlation  coefficients  for  the  election  and  S^otJJ^JJSes 
with  AE  indices  at  various  lag  times  are  shown  in  Figure  3?  ^e  cSrelati^r 
carried  out  by  using  logarithmic  values  of  the  flux  Intensities 

n«v*4n+^  different  combinations  in  the  form  of  the 

flux  intensities  and  the  AE  indices  were  also  performed.  No  significant 

can  ^ 

Mght  anticipate.  Although  the  correlation  coefficient  is  barely  larger  th^ 

seriati^n  oJ  relationship  does  exist  between  the  o^ 

servation  of  high  particle  flux  Intensity  in  space  and  recordings  of  the  large 

^dl^?!s  ?Lf  correlation  coeSicieS 

tlons  of  caMot  e35>ect  a one-to-one  correspondence  between  the  varia- 

efficieL^LS'“  the  AE  index.  In  general,  the  correlation  co- 

tw  between  the  electron  flux  intensities  and  the  AE  indices  are  better 

between  proton  flux  intensities  and  the  AE  indices,  but  still  lack 
striking  significance.  Since  the  particles  are  most  likely  to  be  enerSzed 

aubstormi^th'*^^®  Iaagne^^  -sphere  and  therefore  show  high  flux  intensities  duri.ng 
V + 4 there  may  exist  a better  correlation  between  particle  fltixes  and  the 

Stei- 

corLiatlL  I i V “®8"®b°fPhere.  Therefore,  we  have  calculated  another 

^n  r^<rn-«  ^ coefficient  between  the  electron  flux  variations  and  the  AE  Indices 
w?+wi  °f  local  time  from  20  LT  through  midnight  to  08  LT.  This  coincides 

Is  Lefiriwel  Observing  l^ge  electron  flull^X 

£.«+=.  Figure  2.  The  result  is  shown  in  Figure  U.  The  correlation  coeffl- 
sh^ff  high.  The  peak  correlation  occurs  with  the  AE  index 

hour  ahead  in  time  of  the  observed  electron  flux  intensity.  The 
coefficient  of  0.65  le*llee  that  there  le  prohehly  a one-^tonr^S^MO^ 
ence  between  the  peaks  of  the  AE  index  and  the  electron  flux  Intensity  With 
the  best  correlation  being  obtained  by  comparing  the  flux  intensity  with  the  AE 

firllalf  ® Observation,  we  might  think  that  coSd 

forecast  the  arrival  of  a large  electron  flux  at  the  spacecraft.  However  the 
slow  chwges  in  the  correlation  coefficients  around  the  peak  value  as  seen  in 
“OMS  that  the  prediction  may  be  impractical  because  of  the  lack  of 
definite  cut-off  criteria  for  selecting  the  peak. 

fluxes,  on  the  other  hand,  fall  to  show  an  improved  correlation 
^ith  the  AE  index  even  when  the  satellite  observation  is  limited  to  the  night- 
side  magnetosphere  so  that  we  did  not  plot  the  results  in  Figure  k. 


Furthermore,  neither  proton  nor  electron  fluxes  show  a good  correlation  with 
the  Kp  Indices.  Since  the  Kp  Index  can  now  he  forecasted  on  a real-time  basis, 
as  a reference  to  the  expected  values  of  the  particle  flux  Intensities  at 
different  Kp  values.  Table  3 lists  the  maximum  particle  flux  Inten- 
sities observed  at  various  local  times  for  different  Kp  values.  The  particle 
flux  Intensity,  In  general,  Increases  as  Kp  Increases.  However,  there  are 
some  flux  Intensities  which  are  observed  during  very  high  Kp  y6t  show  smaller 
values  than  those  observed  at  lower  Kp  as  seen  In  Table  3.  The  reason  for 
such  a discrepancy  Is  due  to  the  fact  that  the  number  of  observations  made 
during  high  Kp  Is  too  snail  to  yield  a good  statistical  representation. 

MATHEMATICAL  MODEL 

Another  objective  of  the  data  analysis  Is  to  derive  a mathematlceO.  model 
for  particle  flux  Intensities  observed  at  GSO.  The  model  can  be  used  for 
simulation  of  particle  encounters  by  a spacecraft  at  a certain  local  time  with 
a specified  geomagnetic  condition.  However,  we  should  always  remanber  that  the 
dynamic  behavior  of  the  plasmas  at  GSO  is  so  complicated  that  only  the  statis- 
tical averages  of  the  particle  fluxes  can  be  predicted. 

From  inspection  of  Figure  1,  we  conclude ‘ that  the  particle  energy  spectrum 
cannot  be  fitted  by  a siingle  Maxwellian  distribution  function,  but  a reasonably 
good  fit  may  be  obtained  by  a composite  of  several  Maxwellian  distributions. 

The  search  for  correct  components  in  the  optimum  set  of  the  composite  functions 
can  become  a very  tedious  and  laborious  process.  Since  the  use  of  con^slte 
functions  may  bear  no  physical  significance  with  respect  to  the  actual  particle 
flux  distribution,  we  maijr  as  Well  use  a polynomial  cviTve  to  xit  the  peirticle 
flux  intensity.  We  selected  polynomials  varying  from  1st  to  10th  order  to 
carry  out  the  least-squares  procedure  for  fitting  eill  the  flux  intensities 
in  Figure  1.  The  chi-square  test  is  then  applied  to  choose  the  best-fit 
polynomial . It  was  found  that  a 3rd  order  polynomlcil  yields  a consistently 
low  value  of  chi-square.  On  this  basis,  we  conclude  that  the  3rd  order 
polynomial  can  t<*st  represent  the  flux  intensities  in  Figure  1. 

The  result  of  the  polynomial  fit  is  given  by,,  , 

lo^O  (f)  - + Ag  (logj^g  E)  + Aj  (logjj,  E)® 

where  F is  the  particle  number  flux  intensity  and  E is  the  particle  energy  in 
eV . The  coefficients  Aj^  throvigh  Al|  have  also  been  evaluated  for  different 
local  times  and  geomagnetic  conditions.  Tables  U through  6 show  values  of 
these  coefficients  for  the  model  applied  at  the  given  local  time  under  a speci- 
fic geomagnetic  condition.  The  value  of  the  particle  flux  intensity  calcula- 
ted from  Eqxiation  (l)  is  of  covirse  valid  only  for  the  particle  enerar  ranee 
from  70  to  Ul,000  eV.  « e 
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TABLE  1.  Protons  at  OeoFtationary  Altitude 


Local 

Flux  Intensity 

Ener^  Density 

Energy  Flux  Intensity 

Time 

protons/cm2_aec-stor 

ergs/cm3-ster 

ergs/emS-aec-ster 

00-01 

l.ll*  E 7 

1.1*8  E-9 

0.278 

01-02 

1.08  E 7 

1.1*0  E-9 

0.268 

02-03 

I.3I*  E 7 

1.1*5  E-9 

0.268 

03-01* 

1.1*5  E 7 

I.5I*  E-9 

0.291 

OU-05 

1.00  E 7 

1.17  E-9 

0.222 

05-06 

9.01  E 6 

1.12  E-9 

0.215 

06-07 

8.1*7  E 6 

1.09  E-9 

0.212 

Q7-08 

7.83  E 6 

1.03  E-9 

0.203 

08-09 

7.39  E 6 

9.96  E-10 

0.200 

09-’^" 

7.08  E 6 

9.88  E-10 

0.203 

10-11 

7.13  E 6 

1.02  E-9 

0.210 

11-1.2 

7.29  E 6 

1.06  E-9 

0.218 

12-13 

7.55  E 6 

1.12  E-9 

0.231 

13-11* 

8.12  E 6 

1.21  E-9 

0.21*9 

ll*-15 

8.60  E 6 

1.28  E-9 

0.259 

15-16 

9.16  E 6 

1.37  E-9 

0.278 

16-17 

1.00  E 7 

1.1*5  E-9 

0.290 

17-18 

1.10  E 7 

1.59  E-9 

0.316 

18-19 

1.10  E 7^ 

1.59  E-9 

0.315 

19-20 

1.10  E 7 

1.57  E-9 

0.310 

20-21 

l.lU  E 7 

1.61  E-9 

0.315 

21-22 

1.15  E 7 

1.61  E-9 

0.315 

22-23 

1.17  E 7 

1.61  E-9 

0.312 

23-21* 

1.16  E 7 

1.55  E-9 

0.295 
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Local 

Tlmo 

00-01 

01-02 

02- 03 

03- 04 

04- 05 

05- 06 

06- 07 

07- 08 
08-09 

09- 10 

10- 11 
11-12 

12- 13 

13- 14 

14- 15 

15- 16 

16- 17 

17- 18 
18-19 

19- 20 

20- 21 
21-22 

22- 23 

23- 24 


TABLE  2.  Electrons  at  Oeostatlonary  Altltuae 


Flux  Intensity  Energy  Density 
eloetron8/eni2.aQg.gter  ergs/cm3-ster 


Enerfflr  Flux  Intensity 
ergs/ cm^-see-ster 


2.90  E 8 
3.49  E 8 
3.4l  E 8 
3.26  E 8 

3.44  E 8 
2.73  E 8 
2.39  E 8 
1.98  E 8 
1.56  E 8 

1.21  E 8 
1.01  E 8 
8.38  E 7 
6.97  E 7 

6.45  E 7 

5.88  E 7 
5.52  E 7 

5.89  E 7 
5.35  E 7 
5.69  E 7 
6.66  E 7 

9.90  E 7 

1.47  E 8 
1.95  E 8 

2.44  E 8 


5.47  E-10 
6.76  E-IO 
6.69  E-10 
6.55  E-IO 

6.07  E-10 
5.43  E-10 
4.81  E-10 

4.07  E-10 
3.26  E-10 

2.54  E-10 
2.14  E-10 
1.78  E-10 
1.53  E-10 
1.42  E-10 
1.28  E-10 
1.18  E-10 

1.21  E-10 
1.01  E-10 
1.01  E-10 
1.10  E-10 
1.66  E-10 

2.55  E-10 

3.38  E-10 

4.38  E-10 


3.03 

3.87 

3.85 

3.89 

3.61 

3.24 

2.93 

2.54 

2.06 

1.65 

1.41 
1.18 
1.02 
0.952 
0.856 
0.787 
0.796 
0.638 
0.6l4 
0.629 
0.907 

1.41 

1.79 

2.34 


TABLE  l».  Coefficients  of  the  polynomial  fit  to  the  yearly  averaged  fluxes 


if 

(• 


Protons 


< ! 


Electrons 


LT 

^2 

A3 

00-01 

7.193 

-3.491 

-0.9t6 

-0.099 

01-02 

8.039 

-4.177 

1.148 

-0.113 

02-03 

7.216 

-3.276 

0.850 

-0.082 

03-OU 

6.431 

-2.465 

0.572 

-0.052 

OU-05 

6.103 

-2.019 

0.4l4 

-0.035 

05-06 

5.707 

-1.500 

0.222 

-0.014 

06-0t 

5.554 

-1.329 

0.146 

-0.004 

07-08 

4.982 

-0.705 

-0.007 

0.021 

08-09 

3.763 

0.519 

-0.495 

0.067 

09-10 

3.641 

0.869 

-0.673 

0.091 

10-11 

3.748 

0.782 

-0.670 

0.094 

11-12 

5.006 

-0.385 

-0.349 

0.067 

12-13 

6.788 

-2.108 

0.161 

0.019 

13-li( 

8.501 

-3.954 

0.758 

-0.041 

lU-15 

10.529 

-6.04i 

1.439 

-0.112 

15-16 

12.002 

-7.589 

1.953 

-0.165 

16-17 

11.561 

-7.238 

1.903 

-0.167 

17-18 

13.097 

-8.940 

2.486 

-0.229 

18-19 

13.565 

-9.370 

2.616 

-0.24l 

19-20 

11.908 

-7.944 

2.220 

-0.206 

20-21 

12.424 

-8.415 

2.377 

-0.223 

21-22 

11.050 

-7.099 

1.986 

-0.166 

22-23 

10.313 

-6.351 

1.770 

-0.167 

23-2U 

8.962 

-5.202 

1.475 

-0.144 

00-01 

9.789 

-5.258 

1.892 

-0.237 

01-02 

8.721 

-3.981 

1.446 

-0.167 

02-03 

9.550 

-4.797 

1.699 

-0.212 

03-OU 

9. 417 

-4.599 

1.595 

-0.197 

OU-05 

9.470 

-4.578 

1.565 

-0.193 

05-06 

9.917 

-4.899 

1.631 

-0.196 

06-07 

10.353 

-5.194 

1.662 

-0.194 

07-08 

10.723 

-5.4ii 

1.670 

-0.189 

08-09 

11.157 

-5.731 

1.708 

-0.187 

09-10 

11.635 

-6.232 

1.828 

-0.195 

10-11 

12.432 

-6.883 

1.986 

-0.207 

11-12 

12.933 

-7.362 

2.107 

-0.216 

12-13 

12.472 

-7.04l 

2.016 

-0.207 

13-lU 

12.747 

-7.435 

2.146 

-0.221 

i4-15 

12.353 

-7.016 

2.014 

-0.208 

15-16 

12.274 

-6.935 

1.972 

-0.202 

16-17 

11.252 

-5.849 

1.644 

-0.172 

17-18 

10.280 

-4.844 

1.316 

-0.139 

18-19 

9.204 

-3.832 

1.049 

-0.118 

19-20 

7.502 

-2.188 

0.574 

-0.076 

20-21 

7.902 

-2.895 

0.936 

-0.125 

21-22 

3.017 

-3.029 

1.019 

-0.136 

22-23 

9.655 

-4.873 

1,694 

-0.213 

23-24 

9.317 

-4.750 

1.728 

-0.222 
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TABLE  5*  Coefficients  of  the  polynomial  fit  to  the  quiet-time  averaged  fluxes 


LT 

Brotons  00-01 

01-02 

02- 03 

03- OU 
Olt-05 

05-06 

06- 0t 

07- 08 

08- 09 
.09-10 

10-11 

11-12 

12- 13 

13- lU 
ll*-15 

15-16 

16- it 

17- 18 

18- 19 

19- 20 

20- 21 

21-22 

22- 23 

23- 24 

Electrons  00-01 

01-02 

02- 03 

03- 04 

04- 05 

05- 06 

06- 07 

07- 08 
03-09 

09- 10 
10-11 
11-12 

12- 13 

13- i4 

14- 15 

15- 16 

16- 17 

17- 18 

18- 19 

19- 20 

20- 21 

21-22 

22- 23 

23- 24 


^2 

7.320 

-3.510 

6.940 

-3.024 

5.870 

-1.929 

3.723 

0.409 

3.763 

0.542 

3.676 

0.654 

3.167 

1.298 

3.013 

1.471 

2.191 

2.263 

2.162 

2.394 

3.172 

1.498 

4.185 

0.441 

5.321 

-0.636 

5.823 

-1.311 

6.801 

-2.259 

7.725 

-3.214 

8.908 

-4.422 

10.456 

-6.376 

14.759 

-10.447 

11.019 

-7.o:*6 

11.142 

-7.057 

12.464 

-8.400 

11.166 

-7.218 

10.579 

-6.717 

7.792 

-2.927 

7.839 

-2.909 

10.128 

-5.308 

10.820 

-5.921 

9.844 

-4.765 

10.087 

-4.889 

10.351 

-5.035 

10.425 

-5.123 

11.407 

-5.994 

11.479 

-6.077 

10.982 

-5.663 

10.768 

-5.423 

10.198 

-4.988 

10.624 

-5.4i4 

9.485 

-4.155 

9.341 

-3.959 

8.841 

-3.423 

9.632 

-4.334 

9.672 

-4.462 

8.769 

-3.624 

7.385 

-2.216 

5.T14 

-0.358 

7.789 

-2.598 

7.198 

-2.161 

A3  A^ 

0.921  -o.ode 
0.754  -0.071 

0.403  -0.036 
-0.407  0.052 
-0.489  0.064 
-0.559  0.074 

-0.796  0.101 

-0.863  0.109 

-1.146  0.l4i 
-1.24i  0.156 
-0.982  0.133 
-0.652  0.101 
-0.327  0.070 
-0.076  0.042 
0.224  0.012 
0.538  -0.021 
0.941  -0.064 
1.652  -0.142 
2.881  -0.261 
1.917  -0.173 
1.900  -0.171 
2.340  -0.217 
2.013  -0.189 
1.902  -0.183 

1.024  -0.143 
1.034  -0.i45 
1.831  -0.229 
1.980  -0.239 
1.549  -0.190 
1.526  -0.181 
1.538  -0.179 
1.552  -0.179 
1.767  -0.195 
1.784  -0.196 
1.645  -O.18I 
1.566  -0.172 

1.428  -0.157 

1.576  -0.173 
1.166  -0.132 
1.083  -0.122 
0.922  -C.107 
1.197  -0.132 
1.262  -0.148 
1.003  -0.115 

0.585  -0.076 
-0.008  -0.018 
0.771  -0.101 
0.697  -0.101 
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86  0.016 
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?6  0.013 
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Figure  1:  Hourly  averages  of  the  proton  and  electron  fluxes  observed  by  ATS-5 

geostationary  satellite  in  the  year  1970.  The  upper  curve  in  each 
frame  is  the  electron  flux  intensity  while  the  lower  one  is  the 
proton  flux  intensity.  Although  the  flux  intensities  between  two 
adjacent  local  time  observations  are  seen  to  be  the  sane,  great 
variations  exists  for  flux  Intensities  at  widely  separated  locations. 


Local  time 


Figure  2:  The  frequency  distribution  of  the  occurrence  of  high  fl\w  inten- 

sities observed  by  ATS-5  in  1970 • In  general  the  high  flux  inten 
sities  were  observed  when  the  satellite  was  in  the  night-side 
magnetosphere. 
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AE  lags  AE  leads 

Half-hour  unit 

Figure  3:  linear  correlation  coefficients  between  the  proton  and  electron 

flux  intensities  and  the  auroral  electrojet  (AE)  indices  at  various 
lag  times. 


AE  leads 


Half-hour  unit 

Figure  k:  The  linear  correlation  coefficients  between  the  electron  flux  inten- 

sities  observed  by  ATS-5  in  the  night-side  magnetosphere  and  the  AE 
indices  at  varioiis  lag  times. 
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ATS-5  AUD  ATS-6  POTEHtlALS  DURING  ECLIPSE 


Allen  Gt  ttubln  And  Henrjr  B,  Gerrett 
Air  Force  Geophysics  Laboratory 


SUMMARY 


^S-5  and  ATS-6  data  for  spacecraft  charging  during  eclipse  conditions 
Is  analyzed.  ATS-5  and  ATS-6  charged  to  voltages  greater  than  100  volts  for 
aoout  557.  of  the  eclipse  periods  examined.  The  mean  spacecraft  potential 
eclipse  vas  2 keV  for  ATS- 5,  aiul  the  highest  potential  measured  vaa 
10  kilovolts.  For  ATS-6,  the  mean  potential  during  eclipse  mas  4 fceV,  the 
highest  pottotlal  measured  being  20  keV.  Jhe  average  measured  spacecraft 
potentials  for  both  ATS- 5 and  6 depend  approximately  linearly  upon  Kn.  This 
relationship  Is  due  mainly  to  the  dependence  of  electron  current  deiulty  on 
Kp  near  midnight.  Spacecraft  potentials  at  geosynchronous  orbit  may,  to  a 
rougti  approximation,  thus  be  Inferred  from  ground-based  measurements  of  BLn. 
the  planetary  3-hour  litdex.  ^ 


INTRODUCTION 


As  the  ATS-5  and  ATS-6  spacecraft  have  been  monitoring  the  plasma 
environment  at  synchronous  orbit  since  1969,  the  data  provided  by  these 
satellites  comprises  the  most  extensive  data  base  available  of  lorn-energy 
plasma  conditions  at  geosynchronous  orbit. 


The  present  paper  Is  a study  of  the  statistics  of  charging  events  based 
on  data  from  157  eclipses  from  ATS-5  and  40  eclipses  from  ATS-6. 


THE  DISTRIBUTION  OF  CHARGING  POTENTIALS 


For  these  eclipse  charging  events,  ten  minute  averages  of  the  charging 
potentials  were  obtained.  Figure  1 shows  the  distribution  of  charging 
potentials  plotted  separately  for  ATS-5  and  ATS-6. 


For  ATS-5,  55%  exhibit  charging  to  negative  potentials  greater  than  110 
volts  aiM  54%  of  the  ATS  *6  charging  Intervals  are  gteater  than  100  volts.  This 
means  mat  both  ATS-5  and  ATS-6  charge  to  substantial  negative  voltages  Itt 
more  man  half  of  the  eclipse  Intervals.  Tftie  mean  charging  voltage  of  ATS-5 

kilovolts  for  ATS-6,  The  highest  observed 
potential  Is  10  kilovolts  for  ATS-5  and  20  kilovolts  for  ATS-6. 


Figure  2 shows  the  distribution  of  Kp  and  the  3-hour  planetary  index 
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for  the  ATS-5  and  ATS-6  data  time  periods.  ATS-6  data  «as  taken  during  a more 
active  geomagnetic  period  than  ATS-5,  so  that  the  mean  value  of  Kp  for  the 
ATS-6  time  period  is  considerably  higher  than  that  for  the  ATS-5  time  period, 
l^e  higher  mean  chatging  pdtential  for  ATS-6  ie  no  doubt  due  to  hotter  injected 
plasmas  for  the  ATS-6  time  period. 


CHARGING  POTENTIALS  VERSUS  Kp 

Eclipse  potentials  versus  Kp  are  shown  in  Figure  3 for  eclipse  events  on 
ATS-5  and  ATS-6  for  Kp  values  up  to  6.  The  error  bare  shown  are  the  standard 
deviations  (+1  o ) of  the  data.  ISie  spacecraft  potential  rises  linearly  with 
Kp  within  the  error. 

Shown  on  this  figure  as  well  is  a theoretical  curve  based  on  a current 
balance  calculation  in  which  secondary  emission  properties  of  ATS-5  6 
materialn  have  been  accounted  for  in  an  approximate  manner ^ using  an  average 
secondary  emission  coefficient.  This  theoretical  curve  is  given  by 


*1^0  “ In  ( £e_  ) 

10 


where  the  factor  10  takes  account  of  secondairy  emission  v'<-'opertles  (Garrett 
Rubin,  1978). 

R.M.S.  electron  temperature  as  a function  of  K_  is  shown  in  Figure  4 for 
the  time  per'*.od  2100-300.  The  electron  mean  temperature  varies  from  2 to  4 
keV,  The  variation  of  the  ratio  of  electron  to  ion  current  densities  with  Kp 
is  much  greater,  as  shown  in  Figure  5.  Bie  theoretical  prediction  of  space-^ 
craft  potential,  as  the  product  of  Tg  and  In  (Jg/lO  J^),  shows  that  it  is  the 
dependence  of  the  ratio  of  electron  to  ion  current  densities  on  the  magnetic 
activity  index,  Kp,  which  is  responsible  for  the  strong  dependence  of  charging 
potential  on  Xp.  Hie  mean  R.M.S.  electron  temperature  at  a given  Kp  for  the 
2100-0300  time  period,  for  the  entire  ATS-5  and  ATS-6  data  base,  was  employed 
for  this  calculation.  Uie  theoretical  curve  corresponds  very  ^ell  to  observed 
potentials  for  Kp  valu  .s  up  to  4,  but  is  somewhat  higher  at  larger  Kp  values. 

The  spacecraft  potential  is  shov  to  be  proportional  to  Kp  for  the  6-hour 
period  around  midnight.  Kp  is  an  easily  accessible  quantity,  having  long  been 
used  as  an  indicator  of  geomagnetic  activity.  Since  Kp  is  calculated  from 
ground-based  magnetometer  systems,  it  will  be  useful, to  the  accuracy  of  the 
error  bars,  as  an  indicator  of  the  maximum  potentials  to  be  expected  on  a 
shadowed  spacecraft  surface  at  geosynchronous  orbit.  As  ATS-5  and  ATS-6  have 
radically  different  shapes,  this  result  could  be  applicable  for  a variety  of 
satellites  (see  Purvis  et  al.,  1977,  for  a comparison  between  ATS-5  and  ATS-6 
potentials  in  eclipse). 
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SUMMARY  OF  TH£  TWO  YEAR  NASA 
PROGRAM  FOR  ACTIVE  CONTROL  OF  ATS-5/6 
ENVIRONMENTAL  CHARGING 

Robert  0.  Bartlett 
NASA  Goddard  Space  Flight  Center 

Carol3mK.  Purvis 
NASA  Lewis  Research  Center 


SUMMARY 


Over  the  past  several  years  numerous  experiments  have  been  conducted  on  the 
ATS-5  and  ATS-6  which  have  demonstrated  the  feasibility  of  modifying  or  clamping  the 
environmentally  induced  potential  of  these  spacecraft.  This  has  been  accomplished 
iittHzing  the  Ion  engine  experiments  and  monitoring  their  effects  vdth  die  University  of 
California,  San  Diego,  Auroral  Particles  instruments  on  each  spacecraft. 

The  results  of  these  experiments  have  shown  that  a thermionic  electron  source 
is  capable  of  replacing  photo-emitted  electrons  during  eclipse.  However,  the  utility  of 
this  ^rpe  of  device  is  limited  if  its  emission  is  suppressed  by  local  electric  ffelds.  On 
the  other  hand,  it  has  been  shown  that  a plasma  source  will  cot  Only  Serve  as  a substitute 
for  photo-emitted  electrons  but  will  also  suppress  differential  charging  of  isolated  ele- 
ments of  the  spacecraft  which  Would  tend  to  suppress  electron  emission.  This  later 
device  is  therefore  capable  of  clampii^f  the  potential  of  a spacecraft  without  special  con- 
sideration of  its  coupling  to  the  ambient  plasma. 

An  overview  of  the  ei^riments  and  a summary  of  their  results  are  presented 
in  this  paper.  Therefore,  this  paper  serves  as  a "road  map"  to  the  spacecraft  charging 
experiments  conducted  <m  AT^6  and  ATS-6. 


INTRODUCTION 


In  May  of  1976,  the  National  Aeronautics  and  Space  Administration  (NASA)  awarded 
a contract  to  the  University  of  California,  San  Diego  (UCSD)  with  the  objective  cd  studying 
active  control  of  environmental  charging  on  the  Applications  Technology  Satellites  (ATS) 

5 and  6.  This  study  was  an  element  in  the  joint  NASA/Air  Force  investigation  of  geosyn- 
chre  lous  satellite  charging  (Lovell  et  al. , 1976).  The  in-orbit  experimental  phase  of 
this  study  has  now  been  concluded.  The  contract  report  of  the  ffrst  year's  activities  is 


now  available,  and  the  Anal  report  will  be  available  in  the  near  future.  Initial  results 
ef  this  eAort  will  be  summarized  here;  however,  further  analysis  is  warranted,  and  it 
is  tho  hope  of  the  authors  that  this  paper  will  provide  sufficient  stimulus  to  encourage 
additional  Investigation  of  these  data. 

The  results  of  these  experiments  have  provided  215  data  sets  from  ATS-5  and  36 
data  sets  from  ATS-6,  Several  Of  these  experiments  were  conducted  simultaneously  on 
the  two  satellites.  During  the  course  ctf  these  measurements.  Ill  instances  of  environ- 
lUOTtal  charging  to  potentials  in  excess  of  1000  volte  have  been  observed.  No  anomalous 
effect  has  been  associated  with  ar  of  these  charging  events  on  either  satellite. 

The  ATS-5  and  the  ATS-6  sateiiites  each  carried  an  Auroral  Particles  Experiment 
and  a Cesium  lon  Engine  Experiment.  These  instruments  were  jointly  utUlzed  to  conduct 
this  investigation  of  actively  controlling  satellite  charging.  While  neither  instrument 
was  developed  with  this  application  as  an  objective,  the  experimental  results  demon- 
strated the  achievement  of  altered  or  clamped  satellite  potential.  There  are  features 
of  those  experiments  \^hlch  raise  questions  which  have  not  been  conclusively  answered. 
Instruments  speciAcally  designed  to  study  active  control  of  satellite  charging  will  clearH 
jdeld  more  definitive  results.  However,  it  is  felt  that  the  experiments  described  here  ‘ 
have  added  to  the  understanding  of  the  environmental  charging  phenomenon  and  should 
complement  the  results  of  future  experiments  such  as  the  USAF  Space  Test  Proeram 
P78-2  (Durrettetal.,  1978).  ^ 


DESCRIPTION  OF  ATS-5  AND  ATS-6  INSTRUMENTATION 


The  details  of  the  ATS-5  and  ATS-6  spacecraft  and  their  respective  instruments 
have  been  previously  presented  (Bartlett  et  al..  1976;  Purvis  et  al. . 1976).  In  summary. 
Figures  1 and  2 depict  the  key  features  of  each  of  these  satellites  including  the  relative 
locations  of  the  Auroral  Particles  Experiment  and  the  Cesium  Ion  Engine  Experiment, 
pie  Auroral  Parttcles  Experiment  on  ATS-6  provided  measurement  of  ion  and  electron 
flux  in  the  50  ev  to  50  keV  energy  range  at  flmd  instrument  apertures.  The  Ats-6 
Auroral  Particles  Experiment  extended  this  range  from  0. 1 eV  to  80  keV  and  incorpora- 
ted a scanning  aperture  to  provide  angular  resolution.  The  ATS-5  ion  engines  are  of  the 
omitaot  ionization  type  utilizing  a Oiermlonic  electron  Source  (neutralizer).  Altenmtely 
the  ATS-6  Ion  engines  are  of  the  bombardment  type  utilizing  a low  energy  cesium  plasma 
as  its  neUtraUzer.  When  the  cesium  ion  source  is  operated,  the  neutralizer  serves  as  a 
ready  source  of  electrons  to  maintain  a net  charge  neutrality.  The  neutralizer  can  also 
be  operated  without  the  ion  source.  The  ion  sources  and  the  neutralizers  were  utilized 
to  alter  the  current  balance  of  each  spacecraft  and  thus  actively  control  the  spacecraft’s 
potential.  The  Auroral  Particles  Experiments  were  utilized  to  measure  this  effect. 
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TfiSt  CONDITIONS 


m<jy  source  of  photo-emitted  eleotroia  The  plasma  pertitfluitlott  with  a 

nal  and  autumnal  ecUpse  of  the  Sun*  Thfe  most  re^piSf 
tials  durtog  *cUpM  to  wport.SrRl.to  « . w“! 

oo««e"JlSr  to  roSSS  ” “» 

mento  bar*  been  condootod  ditoliig  eoiloo*  POteilitol  ooatrol  ekpetl- 

Ukely.  All  of  these  eoUpse  teste  have^ttliS.?  *^*^^  spacecraft  Charging  events  were 
A few  operatlcns  of  the  nsutraUzers  on  the  spacecraft, 

periods  of  the  orhlt.  **«*«  ^ Sun 

operated  when  the  Ion  source  ^ opeiati  r^c^  th^heutralker  be 

other  features,  such  as  biasing,  haw^en’lne^i^teH^  21  fi.*T  oUmlnated  and 

be  flown  <«  oSaf  Sp«,o  “»«*  <» 

p.ton.jL.rz2:s  rbtoTr.r  "'r*  atr.* 

btonttonB  of  instirameiito  and  tost  o^..— pwoluded  aU  oom- 

“eato  piovMe  a basis  for  nrediDUmr  **i?**.  wsnito  of  thess  measnte- 

spaoeetaft  potoottol  rbs  Sill'  h “ 

slrabte  bat  not  essential  eapertmento  wlaUre  to  to«'sTaiS^r«  ^ 

charging  study.  ats-6  and  ATS-6  spacecraft 


..  TAL  RESULTS 

Ionic  neutralizer  during  eclli^  ’n,i«  i«  J from  the  operation  of  Its  therm- 
tlals  encountered  during  eclipse*  which  WeH^  “srUy  due  to  the  large  spacecraft  poten- 
resolutlon  of  the  UCSD  Aurord  Partictes  £3^rtme2t**‘V^”®y  ®“®'Sy 


u oft  to  •"ms^lllv  :S.“  T ?“ 

was  oa.  Lteiltod  toto  Site  tot  ttetSo^rt“  ‘?  ««~U«r 

-3000  V (DoForest  et  alTfOM).  »*  « toenUal  of  abont 
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data,  die  eStJt^L  okS™  spacwraft's  p<rteattal  ttaa  die  enviroimiental 

OT,  the  spacecraft iBltUlTtttaota^sTr^M^Si*? -»  S!! *uT„^ 

sts*s.rrsr^c2:rrs‘r  -“i*  ri*  r-* 

- «>«’i « iscr  srsr-i.'ss.fX'srsi.'"-* 

spacecraft  sldn  The  fllament  is  mounted  approximately  3 cm  inboard  Cf  the 

materia*l7lmmers?d™^^  w charging  between  conductive  and  nonconductl4* 

nomenon  can  also  be  explained  as  an  etfect  of  differential  eha^*!!  fiT*. 

===ES"S=$S^%t 

i^iBure  o«  Tnr©©  such  dsts  sets  were  obtalUf^d  ti%o  fi«M  «%««  ««« 

r^Tste 

three  tests.  This  phenomenon  Is  hot  understood.  When  the  second  neutrallzrr^as 
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turned  off,  the  epaeeoraft  pbtential  rose  in  a fashion  typical  of  single  neutralizer  cpera- 


In  nummary,  the  hct  filament  neutralizer  has  been  shcvm  to  have  a sigidffcant 
effect  on  the  itotential  of  AtS-S  during  a apacecraft  charging  event.  However,  due  to 
su^resslon  of  electron  emission,  the  spacecraft  was  not  clamped  at  plasina  potential. 
Latoratory  data  support  the  llkeUhood  that  dlffei'entlal  charging  of  insulated  spacecraft 
surfaces  Is  suppressing  electron  emission.  This  hypothesis  Is  consistent  with  the 
transient  behavior  observed  at  the  tum-on  and  tum-off  of  the  neulraUzer  in  orbit.  Al- 
te^tely,  the  suppression  of  electron  emission  by  a plasma  sheath  around  the  Space- 
craft can  not  be  ruled  out.  Measurements  suggesting  the  presence  of  such  a barrier 

arcMind  ATS-6  have  been  presented  (Whipple,  1975).  Additional  consideration  of  these 
data  seems  well  justified. 


ATS-6  EXPERIMENT  RESULTS 


A results  of  the  ATS-6  experiments  complement  those  of  ATS-S.  Since  the 

neutralizer  utlUzed  a low  energy  plasma  as  an  electron  source,  me 
effects  of  a second-type  neutralizer  could  be  measured.  Additionally,  the  ATS-6 
Auroral  Particles  Experiment  provided  significantly  enhanced  energy  resolution. 

effect  of  the  operation  of  the  ATS-6  ion  engine  as  a thruster  has  been  studied 
ijr  Goldstein  et  al. , (1976)  and  more  recently  by  Olsen  (1978).  In  this  configuration 
me  ion  sowce  and  neutralizer  are  simultaneously  operated.  To  summarize  these  tests. 
Figure  6 is  presented.  The  data  demonstrate  that  the  potential  of  ATS-6  was  clamped 
at  about  -4  volts  throughout  the  4-day  operation  of  the  Ion  Engine  Experiment. 


M 1 cesium  vapor  flow  to  the  plasma  neutralizer  is  regulated  to  control  the  poten- 
tial of  an  anode  probe  in  its  discharge.  The  potential  of  the  probe  during  the  four-day 
operation  of  the  ion  engine  was  about  +4.5  V relative  to  spacecraft  ground  as  measured 
by  teleinetry.  Since  the  neutralizer  cathode  potenffal  is  that  of  spacecraft  ground,  the 
l^tentlal  of  the  anode  probe  is  at  or  very  near  the  potential  of  the  ambient  plasma.  If 
the  probe  wet>e  oi»rated  at  spacecraft  potential  and  the  cathode  of  the  plasma  neutmUzer 
^re  opera^  y/ith  a negative  bias,  the  spacecraft  might  well  have  been  held  at  plasma 
^tenUal.  The  ATS-6  Ion  Engine  Experiment  had  no  such  bias  capablllt*;.  It  remains 
for  this  concept  to  be  demonstrated. 

Several  other  interesting  features  of  the  UCSD  data  were  observed  while  the  ion 
thruster  and  neutralizer  were  Jointly  operated.  There  are  indications  that  differential 
char^  suppressed  during  this  operation  and  that  the  measurement  of 

enrironmental  data  was  enhanced  by  a constant  spacecraft  potential  (Olsen.  1978). 
Although  the  UCSD  particle  detectors  cannot  distinguish  between  protons  and  other  ions. 
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recharging  of  the  spacecraft  following  the  neutralls’.er  Cpetatloii.  The  conclusion 

mingly  dominated  by  the  operation  of  the  neutrallaer.  This  same  conclusion 
was  supported  by  all  other  AtS-6  active  charge  control  experlmX 


CONCLUSION 

spacec^rft^rs^^^^^  presented  here  are  based  on  the  results  of  all  active 

^ ^rlments  conducted  on  ATS-6  and  ATS-6  rather  ttian  the 

^ summary,  these  experiments  have  provided 
interaction  of  the  netural  plasma  and  an  ailStlally 

^Sslf  ATO  t ^ experiments  on  the 

potentials  of  ATS  5 and  ATS-6  have  been  examined  with  the  following  observations: 

* electrons  to  replace  photo- 

^ however,  charging  of  the  insulated  surfece*^ 

suppi-essed  electron  current  and  prevented  the  spacecraft 
from  being  driven  to  plasma  potential  for  all  plasma  conditions. 

* plasitta  source  on  ATS-6  maintained  the  spacecraft  potential 

^ ^ ^blent  potential  for  both  positive  and  negative 
charging  events  for  all  observed  plasma  conditions. 

* « “«M  likely  that  a spacecraft  could  be 

*>y  a low-energy  plasma  dtscbarge  ttbloh  could 

demi.^toL*Z^r!“  ® This  baa  not  been 

* °i *^®  ‘“5*^  on  ATS-6  was  shown  to  suppress  dlfferwitlal 

* »w«^  Wndered.  but  has  enbmioed  the 

aMUly  to  make  envlronmetM  measurements  at  energies  less  (ban  a tew  volts. 

V-  ha®  previously  been  shown  ttat  the  enviroiunental  ohandnn  ot  ATk-a  atis  atc  e 

“^r  «■«  ®«tem4^re  at^l^t' 

K 'P*Jfvle,  1976).  Tills  seems  quite  astonishing  considering  the  marked  di&ei^c<i 
between  tiie  two  satellites  as  summarized  in  Table2.  ^ alnerenoe 

»t  follows  that  the  dominant  factor  controlling  the 

‘i"®**'  aatelUtes'  characteristics  hot  tte  consut- 

ato  JaUd^  ^ f f felt  that  «ie  above  ohservatlono  are  gener- 

auy  vaUd  and  do  not  ap[dy  solely  to  the  satellites  upon  which  the  measurements  were  made 
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ot  senditi^  to  the  electromagnetic  Interference  (EMI)  potentially  associated  with  en 
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Table  1*  > Summary  of  Teet  CondltlonB 


Configuration 

SateUlto 

ATS-6 

ATS-6 

Ion  Source 
w/l^eutralizer 

SUnllte  - 2 
Eclipse  - None 

Sunlite  - 2 
Eclipse  - None 

Neutralizer 

Only* 

Sunlite  - 24 
Eclipse  - 217 

sunlite  - 22 
Eclipse  - 14 

♦The  ATS-5  neutralizer  produces  electrons  only  while  the  ATS-6 
neutralizer  produces  both  electrons  and  Ions. 


Table  2.  - Spacecraft  Characteristics  Summary 


Launch  (technology) 

ATS-5 

1969 

ATS-6 

1974 

Attitude  control 

Spin  stabilized 

3 axis  stabilized 

Exterior  surface 

Quartz^  paint 

Kapton,  aluminum* 
quartz,  silicon, 
paint 

Characteristic  dimension 

2 m 

10  m 
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magnetometer 

(BOOM  IN  Z-AXIS)  ^ 


ueSD  PLASMA 
VIEWING  CONE 
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OPERATIONS  OB-  THE  ATS-6  ION  ENGINE* 


uisen  and  E.  C.  Wlilpple 
University  of  California,  San  Diego 


ABSTRACT 


eclidle®  operated  in  daylight  and 

the  UCSD  Auroral  ParticlerLoetiment^*  Th  w«s  monitored  with 

thruswf  If L^^ll7^^e^ve5^o  tow  tf  ““  ‘X* 

- servea  co  tiola  the  spacecraft  betupcan  mA  a 

dif fer^ntia^*^‘^*^^  ambient  plasma.  Neutralizer  operation  teducL 

rsETiSa  s s":;s  £EErS^“-“““-~"- ~ 


INTRODUCTION 


geosyichionlraltUude  irigJJ*'^  Als^oi^b  ‘"”d  ®‘»’f«sters  up  to 

LSe  ?hf ’ designed  to  count  electrons  and  ions  in  the  0-80  kev 
range.  The  ion  engines  were  operated  in  1974,  and  met  most  of  th^if 

around  the  snacecrafr  ® Carrier  can  be  set  up 

ph..ooUctp.n.)  P„  PKe  spac.cra"ff 

■>Thl.  „,rk  waa  supported  by  NASA  Lewis  Research  Center  Grant  NSC  3150. 


cKargU^‘“."a«S‘”  fl,?  “*  -"«<»l‘»e 

Izers  were  oj^erated  with  the  A4t  i ^P^iratlons,  the  neutral- 

GaUatala  and  DaForast  a55^  i!  *f  edifying  larga  patantlala. 
some  of  the  similar  tests  run  on  Atq  engine  operations  and  on 

through  W76  «aa  co«plXed  by  Ol.en^^«htpp?ra95?)“‘°®“‘“* 

tha  -8‘noa,  aad 

be  emphasized.  Following  this  Is  ui  aaalvsf^^*s^*K^^*  spacecraft  will 

engines  In  daylight  Md  L ooL«l^  ^ »«  the  two 

eclipse  with  L^UcrSt  h'lgJJJ‘’ch:^g:5!  ” 


ATS -6 

(see  H^te'i)!*^'The'uCSD*Sneri™nr”*fe'"^  Inhomogeneous  array  of  materials 

enylronintai  ;.a«reSS?.  pSrf™?'  V “> 

rtominal^3»  conducting.  It  is  flank;»H  exterior  of  the  EME  package  is 

on  booms  extending  25  feet  on  eirhAv-  arrays  (insulators)  which  are 

bollc  antenna  9 to  dJLSleJ^  • P“«- 

known.  Constructed  from  dacron  melh  electrostatic  properties  are  not  well 

turn  covered  by  a lubrtoahrn^s^Itor)  to  ato‘a! 

the  antenna  is  the  earth  viewina  moduli  fw\i\  ^eplojnment.  Five  meters  below 

The  surface  of  the  EVM  is  condultin^^  Ih^hirr  ATS-rifr/**®  ^^Sl^es. 
Statically  complicated  safcelll^^  ATS-6  is  a large  electro- 

particle  detectors  are  well  separated.  engines  and.4:he 


ION  ENGINES 


me  ion  engines  are  ceaiun  bombardment  eneinea 
electrostetlc  containment  concept  (see  flmrril  ® '3  - 

extract  and  accelerate  the  olaaMa  ^ Mm  ^ Srids  are  used  to 

plasma  bridge  neutralize  Thi^eutr!?^®^  electrons  are  supplied  by  a 

t: 

tl  ’.“.'’JmI;.  *'  ■"  <1  “‘lllP<»"<l>‘e(  tCt  (s‘ee  50^^.*“" 


DETECTORS 


electron  detectors;  the  fixed  detector  measure!  o!irm!!  and 

particles  as  a function  of  energy  (0-81  keV  in  64  eiponenUal  st^p!?  16  sec.) 
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and  angle  (220°  in  2 1/2  minutes).  These  Instruments  can  be  considered  dlf- 
terentlal  in  angle,  area,  and  energy  (Mauk  and  Mcllwaln,  1975). 


OPERATIONS 


Operated  in  two  main  experiments.  The  first  lasted 
about  one  hour  and  vas  conducted  in  a low  energy  environment.  The  second 

lasted  92  hours,  began  during  a fairly  active  period,  and  Included 
a variety  of  environments. 


Day  199/74 

The  first  ATS'6  ion  engine  operation  was  on  July  18,  1974,  The  data  is 
presented  in  spectfogram  form  in  figure  3.  The  spectrogram  provides  the 
count  rate  as  a function  of  time  (horizontal  axis)  and  energy  (vertical  axis^ 

‘ho  1“  scale  la,ar«d!  U; 

i intensity  is  proportional  to  the 

^‘'®  intensity  cycles,  that  is,  it  reaches 
a maxiimm  lightness,  and  then  cycles  to  black  and  starts  over  again.  This 

^ ^°“®*  detector  is 

plotted  over  the  spectrogram,  and  is  Seen  here  cycling  between  10<>  at  the 

iri»  spectra  varies  as  the  detector  rotates,  show- 

ing the  pitch  angle  distribution. 

ih  ® ®"®'®y  electrous  from  0-50  electron  volts  visible 

spectropam.  The  bottom  few  eV  of  the  spectra  are  photoelectrons,  the 
There  is  no  apparent  differential  charging.  When  the 
neutralizer  ignites  at  3:10,  there  is  a change  in  the  low  energy  spectra  for 
electrons  and  ions.  The  decrease  in  intensity  of  the  electrons  is  mir’-ored 
by  an  increase  in  the  ion  intensity.  This  and  the  absence  of  ions  below  4 eV 
are  interpreted  as  a shift  in  potential  to  about  4 volts  negative.  By  com- 
parison of  the  particle  spectra  before  and  after  neutralizer  ignition,  we 

w®®  4 or  5 volts  positive  before  the  neutralizer  ignited. 
After  the  potential  shifts,  the  photoelectrons  are  repelled  by  the  spacecraft. 

•»°*^‘'  it  and  the  ion  engine  turned 
on  at  3:32.  The  spectra  changes  promptly  at  both  transitions.  The  spacecraft 
then  goes  to  -5  to  -7  volts  potential,  and  remains  there  until  4:03,  when  the 
engine  and  neutralizer  flamed  out.  The  engine  relgnltes  at  4:08,  and  stays 
on  until  4:35>  when  the  experiment  ended.  At  each  of  these  shutoffs  the 
spectra  resumes  the  form  ic  had  before  the  test.  The  ambient  plasma  can  be 
considered  constant  over  this  time  period.  ^ 

These  data  show  tha‘:  operation  of  the  plasma  bridge  neutralizer,  with 
and  without  the  engine,  causes  the  spacecraft  to  shift  from  a small  positive 
potential  to  a negative  potential  of  a few  volts.  Simple  current  balance 
arguments  show  that  in  the  neutralizer-only  mode  the  neutralizer  was  emittlnK 
a net  positive  current,  i.e,,  ions.  ® 
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Day  292/ 7A 


sr 

i:“^Sc:°‘“  -,p.ce\,x  “ 

poteami  «““L«ld1rort“e'Spt‘\l^^  ‘“  *’  "•'  apac‘a«£t 

not  pointed  at  90“  ^iM  rtf  “P“'“f»‘-  ■">«  detector  »a. 

date  polnta  taken  .^170?  f 5 a J"®  "““allzer  at  7:40  so  two 

Uncerteintlef  ‘.*f"  ™‘“  »*.«>•  anblent  plaswa. 

Energy  particles  at  QO^  u?  largely  due  tP  a lack  of  low 

^rE"-to1SL?"S  sS" 

energy  Sannel  basically  plus  or  minus  one 

in  this  energj-buf  U J^L  ^ot'reLTzeS*'  ™rth;‘‘‘’t'''"“  “ ° 
and  by  8:10  the  differential  ^ thruster  comes  on  at  8:05, 

could  be  explained  b^tho  signature  is  gone.  This  behaviour 

ion  source  to  discharge  them*”  The"nf”t^'^?J^  charged  insulators  for  an  extra 
to  do  the  Job.  The  thruster* orovide^”  "u*"  ^'**•*^^''8  o«t  enough  ions 

could  be  diffusing  .round  the^pececre?trto:n1y1h1‘?o:!:j''“Sdir‘ 

b«  is^not  cowpletely 


62 


Days  292-296/74 

period  During  ,i„iur  “Ims  “u1e«'  tw.  “‘y'!"*  '"‘e  tine 

Charged  several  hundred  voUs  negative  Period,  the  spacecraft 

ferential  charging.  Data  from  thL 

The  engine  operation  begins  on  day  292^/a^in^  in  figure  7. 

The  largely  constant  band  of  ions^at  10  eV  04:00. 

tial*  The  potential  is  fluctuating  beforl  ^rj?!  ®°“®‘^eeey  of  the  poten- 
before  (up  to  -300  V)  and  probablv^no«4hff  after  this  operation,  negative 

S. » srci- 

-e,  -~:s‘j.r."X':s3%-jiiCKS  s.s£! 

eraft  potfentiarirco^Siledf  i“P^^ovement  in  the  data  when  the  space- 


changes  the  balancr^f  curreSrtrJhrsoar"'  Photoelectrons 

spacecraft  to  be  at  equilibrium  at  a few*^volt«^^*^'  common  for  the 

plasma  bridge  neutraUzer  was  opSaLflSr  ®®^^P®®‘  «hen  the 

little  or  no  change  in  the  8pacLraft^Dotfnti^?®®®u*^°“‘*^‘^^°‘^®’ 
ment  is  energetic,  as  in  the  aftermath *^of  a However,  if  the  environ- 

®®°®ynchronou8  orbit  sometimes  reach  several”kn  spacecraft 

(Hay  98),  ATS-6  reached  -8  kV  ThI  „o  g-  ^ kilovolts.  On  April  8,  1977 
eclipse  to  modify  the  spaceSaft’^oteSial^^^JJ  during  the 

sented  in  figure  8.  The  solar  ar?S  c^^re;^  I ® "**^®  P»^e- 

illuminatlon.  The  neutralizer  probe  voltael  function  of  the  spacecraft 
on,  but  the  telemetry  saturates*^at  15  7 ^ t®  neutralizer  is 

(into  "plume"  mode),  is  recoani^fj  volts.  Ignition  of  the  neutraUzer 
tial,  the  bottom  graph,  The\reak  *^*‘®  ®Poo®or,ift  poten- 

neutralizer  entering  "spoe^  mode.  Prio^  ®*=  ^'^2  is  the 

charges  quickly  when  the  nLttaliS  bLlnt  l fT  ‘^fs* 

the  neutralizer  is  turned  off  (JfaO)  the  electrons  (9:12).  When 

Upon  exiting  eclipse  (9:35)  the  spacecraft  pJfomptly  charges  back  up. 

operations  under  similar  conStionrSed  f "‘^® 

is  capable  of  discharging  kilovolt  potentials.  bridge  neutralizer 


SUMMARY 


1977  have  been  analyLdr^ThesroJerations  si"**  ® "outralizer  operation  from 
neutralizer  operating  alone  could^nr^i  bridge 

^ positive  spacecraft  to  s light ly^egativr'^^Th  spacecraft, 

but  did  not  .u„l„ain  dl«e.o„iu, 
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clamped  the  spacecraft  at  ss  -5  volts,  the  potential  difference  between  the 
lllTclTo'f  ttruste^r!""’  differential  charging  at  the-- 

To  further  understand  these  results,  more  work  needs  to  be  done  in 
haracterizing  ion  engines  as  particle  sources,  particularly  In  the  low 
energy  region,  and  as  a function  of  time  at  ignition. 
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CHARACTERISTICS  OF  DIFFERENTIAL  CHARGING  OF  ATS- 

Bruce  Johnson  and  Elden  Whipple 
University  of  Cnllfornia*  San  Diego 


June  of  J974l!^the'*uSD°Auroral^Particle^^P^  ^ geostationary  orbit  in 

wealth  of  data.  It  was  not  surnrlAino  ► collected  an  enormous 

satellite  was  chaJginrtrneS  Jofei^  Indicating  the  AT3-6 

spacecraft  has  solar  arrays,  conducing  sLf^cL  *^*?**k?  ® typical 

has  some  peculiarities  in  its  data  Po^^tunately  ATS-6 

explanation.  ofnlrpap:i!  " " charging 


DESCRIPTION  OF  THE  EXPERIMENT  AND  DATA 


UCSD  Auroral  Particles.  Experiment  consists  of  five  particle 
.u“rrdet«t"/'onn.arr«^  ^ Ion  and 

r“nj^d  h^“rh^vTns»^:  "rrr 

-orgy  steps,  ranging  fro.  0 eV  in  neWtTthTc™aMUw“n' "'* 

p.f=J-ES?L=S£Sf^^^^ 

sr.i'»-s.S"»“  .“r""  •'  “•  i-5 it:' 

elect«iS'd«a  aUrih-er-^rfffjSS?  P«““«‘“es  in  the 

mini"  T4“- 

in-  re:e^s%:n:rrru-  oiertronsiriVof  h»i:r}:;s."^ 


*This  research  was  supported  by  NASA  Lewis  Research  Center  Grant.  NSG-3150 


'n  .,' 
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DATA 


. ,,  Referring  to  figure  1,  the  particle  detectors  (l.e.  spacecraft^  are 

enfJaJ‘^whLh''dIf?'*  «o«nt  rates  are  zero  up  to  I certain 

ergy  which  defines  the  potential.  Starting  at  about  hour  10  the  negative 

potential  increases  In  magnitude  to  over  600  volts  at  about  10:30.  Mlrror- 

eJ®  peculiar  electron  shadow  up  to  a couple  hundred 

boundary  of  this  shadow  Just  after  the  tenth  hour  la  a 10 

ainarLtw  ^ f count  rates.  This  shadow  and  Intense  band  are 

apparently  photoelectrons  and  secondary  electrons  emitted  from  the  spacecraft 

detectors.  The  electron  shadoHCs  appH^f 

tlllll  ^ charging  there  Is  always  a low 

elecKoni*®**  than  20  eV,  band  of  electrons.  It  has  been  shown  that  these 
ciafJ  A and  secondary  electrons  emitted  by  the  space- 

( f.  6,  Whipple,  E.  C.),  The  particle  spectra  are  Maxwellians  havine 
bHrorthra^hl^  densities  < 100  per  CC.  the  particles  could  not 

ambient  plasma  and  the  detector.  kT  is  the  temperature  of  the 
^ ,f'^®“  i®*”  “odest  charging  of  a few  times  kT,  the  ambient  densitv 

den«^^^^  100/CC  which  is  contrary  to  observations.  Ambient 

^eeJ^ons  ?rl  the  electrons  are  photo  and  secondary 

electrons  from  the  spacecraft,  and  since  they  mirror  a charging  event  the 

s adow  must  tell  something  about  the  charging  characteristics.  Further 
evidence  that  these  particles  are  photoelectrons  comes  from  eclipse  data. 

It  ab^t  21°20  E ?i  satellite  went  into  eclipse 

at  about  21.20.  Eclipse  removes  the  solar  photon  flux  and  thus  any  photo- 

fiom  electron  current  carrying  charge  away 

requires  more  negative  potentials  to  balance  the  ambient 
in  nnn  spacecraft.  Thus  an  increase  in  charging  occurs,  to  about 

-10,000  volts.  Notice  the  loss  of  the  shadow  when  this  happens,  indicating 
the  electrons  are  indeed  photoelectrons. 


inmi  existence  of  these  peculiar  photoelectrons  does  not  necessarily 

charging.  However,  if  the  spacecraft  were  uniformly  charge< 
ILL  aS  ® f potential  barrier  would  have  to  exist  to  return  the 

iJl  haSlr  electrons.  Whipple  (ref.  6)  found  that  the  magnitude  of 

the  barrier  needed  to  return  tens  of  eV  electrons  was  too  large  to  be  explalnec 

spacecraft.  That  the  barvler  must  exlft  Is  evlSIcId  b 
Photoelectron  shadow.  Electrons  with  energies  less  than  tS 
ener^  outline  are  barrier-returned  photoelectrons,  whereas  at  larger  energies 
e he  ambient  electrons  with  enough  energy  to  penetrate  the  barrier.  The  on] 
other  way  to  sensibly  produce  a barrier  la  differential  charging.  Information^ 
bout  this  barrier  can  be  obtained  by  analyzing  the  Intense  count  rates  along 

the  boundary  of  the  photoelectrons  as  seen  in  figures  1 and  2.  These  Intense 
count  rates  are  termed  spots. 


1 1^?  spots,  the  particle  count  rates  measured  need  to  be 

clarified.  The  UCSD  particle  detectors  actually  measure  the  count  rate  over 
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® P°®itlve^poctntlarjLf fs®Pe-(E-V)^  ihete^ria  thrSet^^t 

has  not  boon  shifters  eierg^rgreLer  lhan^  ^““ction 

3.  SO  for  photoelectrons  oJ^eJoSarele^JoL  onal^^ 

charged  source,  the  count  rate  Will  be  enhanced  by  e(V/kT)”for  E*>'v 
anc'  the  count  rate  will  be  zero  for  E < V.  oy  e(v/KT)  for  E > V, 

« significant  charging,  there  are  low  enerev 

■'“’'I”*  = M o*  U„  ehao  10  eV,  and  m 

In  tha  coanting  rata^t  r“oo‘lS“-!''!"  ®r«»«  f Pnad 

u’m™ii"*“  °"  ° T”*  nharga  of  n«“ioS^U,aV2o'e”* 

S^p5“ntu“"Si^aJ«“d“tag  tha 

taTHrinv'"*  ‘TT  “ ''**  ““S’vS:::  “:o‘i;:!a°"t::;:aXa, 

™iLTf  “ 

produces  only  about  400  counts  oer  sec  at  P « inn  -v  /n  I * 100/CC 

dnfa^^irrhamn^“"In'‘“  *’' 

co.ntf;ar.:c%nTo‘h":"‘i’'ai“*:4^^^ 

:^Jhr:pro:“si;g  r.h'L"^hrronr:ii“"’ 

r"“  -- - ™-/“s::it‘n,raJ’nJd\jg;t'.''°a 

fluxes  fluxes  caused  by  particle  Injections.  Large  electron 

!?i‘dnr'’  away  from  tha  aarth.  Tha  .pot.  appa"  ?rcSia^ 

?°*  !^aadlly  Idantlfytng  a alngle  aouccL  Llkewl.a  tha 

tors  ® ^®'®®  *’^*^®*'  '®"8®  the  NS  and  EW  etec- 

tors,  so  the  spots  are  not  always  magnetically  returned  particles,  'iliat  is 

the^MBo  t?*^  always  particles  emitted  from  their  source  and  spiralled  around 

the  detectors.  Potential  differences  are  needed  to^ 

nltoS:  aJ  th«a“««4r“ca“'  »»  ">  -P* 
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Figure  6 shows  the  spo*:  energy  versus  the  negative  potential  of  the 
detector;  al 4 energies  are  in  eV.  First,  notice  that  detector  potentials  can 
be  over  800  ©v,  but  the  spot  ohergles  do  not  exceed  about  280  eV.  Over  807, 
of  the  spots  occurred  at  energies  less  than  150  eV.  It  Is  not  unreasonable 
to  assume  that  the  potential  difference  between  the  spot  source  and  the 
particle  detectors,  V,  Is  equal  to  the  spot  energy.  This  Is  reasonable  since 
the  spots  occur  very  abruptly  with  large  count  rates,  a behavior  typical  of 
the  spot  energy  equalling  V as  In  figure  3.  This  assumption  gives  the  maxi- 
mum value  V could  have,  and  the  actual  V is  probably  not  much  less  than  this 
to  produce  such  enhanced  count  races.  If  this  assumption  Is  nearly  correct 
then  the  spot  energy  versus  detector  potential  Is  bounded  by  a line  of 

rhl  source  charge  Is  1.35  times  the  potential. 

The  charging  of  this  source  continues  up  to  a maximum  of  V = 280  eV  so  it 

the  source  of  the  spots  will  charge  up  faster  than  the  detector, 

t negative  than  the  detector  at 

g p cntlals.  Figures  7 and  8 show  the  spot  energy  versus  the  potential 
for  some  typical  days.  They  have  the  same  charge  up  characteristics.  Since 
these  spots  are  always  found  at  the  top  boundary  of  the  shadow,  their  source's 
potential  could  be  the  main  contributor  to  developing  a potential  barrier  that 
returns  spacecraft  emitted  particles. 

A detailed  study  of  day  33  (fig.  7)  showed  that  as  the  detector  potential 
increased  the  spot  energy  increised.  The  count  rates  increased  not  only  from 
y increasing,  but  the  temperature  of  the  spot  electrons  Increased  from  30  eV 
to  50  e\.  If  V was  taken  as  the  energy  of  the  spot  as  before,  the  densities 
o.  the  electrons  were  from  1 to  4 per  CC.  Also  the  source  potential  of  the 
spot  increased  about  two  times  as  fast  as  the  detector  potential.  Since  the 
electron  flux  was  changing  during  this  time,  the  changing  temperatures  and 
densities  along  with  changing  V seem  to  indicate  that  spot  electrons  were 
secondary  emitted  electrons.  Temperatures  of  over  30  eV  are  not  charac- 
teristic of  photoelectrons,  and  neither  is  the  changing  temperatures  since 
the  solar  photon  flux  doesn't  change.  However,  as  shown  in  figure  8 tie 
secondary  yield  of  a material  is  energy  dependent.  Thus,  changing  tempera- 
tures and  larger  temperatures  (>  10  eV)  can  be  characteristic  of  secondary 
electrons  (ref.  3,  Knott).  A strong  candidate  tor  the  source  is  the 
Minnesota  experiment  which  sits  protected  from  the  sun  on  the  pacliage  con- 
taining the  particle  detectors.  Not  being  able  to  emit  photoelectrons,  it 
could  charge  faster  than  the  detectors  as  electron  fluxes  increaseda 
Covered  with  a thermal  protecting  paint  it  may  be  ideal  for  charging  and 

photdelecttons  in  response  to  changing  fluxes. 

?i  1974,  the  count  rates  of  the  spots  were  observed  to  change  as 

the  Minnesota  experiment  rotated  into  new  positions.  Only  on  this  day  was 
such  an  obvious  correlation  found,  but  it  does  indicate  that  it  probably  is 
involved.  Being  less  than  a meter  from  the  detectors,  this  experiment  could 
dominate  the  loca^  potentials  since  it  is  the  only  Insulator  so  clo«-. 

Charging  to  larger  negati.e  potentials  than  the  dktectors  or  package,  it 
could  produce  a barrier.  Other  possibilities  are  the  solar  panels,  but  they 
are  over  7 meters  a^^ay^  and  their  effect  would  be  expected  to  be  less. 

Further  work  needs  to  be  done  on  determining  the  secondary  electron 
spectrum  of  the  spots.  Equations  in  reference  6 for  the  yield  as  a function 


72 


u«d  v,i  j ejir;. 


CONCLUSIOII 

4«»  differential  charging  seems  to  be  rosoonslble  for  rettirh- 

the  spacecraft  up  to  a couple  hundred  eV,  depending  on 

the  spacecraft  charge.  Potential  differences  6t  200  eV  cgn  exist  betveen 

‘5*  spacectaft,  enhancing  the  count  rated  of  emJfterpJrtUUr  It 
Is  believed  that  the  Minnesota  experiment  on  ATS-6  Is  largely  resoonslble  for 
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INTRODUCTION 


®j®ctlon  of  charged  particles  from  a space  vehicle  creates  a 
difference  In  potential  between  the  vehicle  and  the  ambient  plasma.  For  steady 
state  this  potential  difference  causes  a return  current  flow  to  the  vdilcle 
equal  to  the  ejected  current.  Although  there  have  been  a number  of  flights 
during  which  energetic  electrons  have  been  ejected  from  rocket  payloads,  a 
relationship  to  predict  the  vdtlcle  to  ambient  plasma  potential  difference 
created  by  an  ejected  electron  current  Is  still  unknown.  In  fact,  questions 
still  remain  as  to  tdilch  environmental  parameters  are  critical  In  determining 
this  potential  difference.  There  Is  even  far  less  experimental  data  available 
from  payload  flights  In  \diich  positive,  rather  than  negative  charge  has  been 
ejected.  A primary  purpose  for  the  flight  of  the  Spacecraft  Charging  Sounding 
Rocket  Payload  was  to  create  charging  on  the  payload  by  the  emission  of  both 
positive  Ions  and  electrons,  and  to  determine  the  relationship  between  environ- 
mental parameters  and  changes  In  vehicle  potential  during  periods  of  emission. 

The  design  and  choice  of  Instrumentation  for  this  Spacecraft  Charging 
ounding  Rocket  Payload  were  also  Influenced  by  the  desire  to  test  prototypes 
cf  some  of  the  SCATHA  satellite  payloads:  the  positive  and  negative  charge 

ejection  system  - the  Transient  Pulse  Monitor  (1PM)  and  the  Rocket  Surface 
Potential  Monitor  (RSPM).  Data  werj  desired  on  not  only  the  operation  of  these 
instruments,  but  on  their  mutual  Interactions  during  operation.  The  flight  of 
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■ioauuraiiBnes  mad«*Sth*sSmA*My?oa4o'^to^  « oompatlsoii  of 

atmulard  fooh„t,„o,  aSt  frsSm““:r““ 


INSTRUMENTATION 


load  SS  «^’^SJo‘L*°L*JrtcSirJa"utS  ^LT"  a =’*>'- 

dlak.  Iha  payload  forward  aoctlon?  a entire?  jirow"?^  a aon-co^ctfag 

diameter,  contained  all  the  vehlcii  dlaenoJfi^  7««..  ^ ^ 

section,  a cylinder  41  cm  ?n  JengtS  ai?®«  ci  li 

load  recovery  perechuto,  and  was  2e?St«lS  «aS^2‘e' 

seocton  only  Uicoogh  a bipolar  voltmeter  nl.  5^?^***  ^ Wlcad 

into  four  broad  categories.  Is  listed  aSi  bJSe'fird^b'S^S’^ulf 

the  staTt^og  o1X‘‘:“e\S:e^“  uJ' “■*» 

Starting  procedure  forSe  sys?m  d^Sn^  The  usual 

tfas  to  punq>  down  the  source  for  at  least  9L  h vacuum  chambers 

lischarge.  The  actuarjStlari^lMof  foti  T®  '-6^te  the 

crom  five  minutes  to  a half  hLr  P““P  ‘aken 

lystem's  hollo“caSoL  an!  S *=^®  exposure  of  ion 

iontinuously  under  vacuum  conditions  system 

.tarted,  reignition  ca^L  acS^^^^  f ! ignition  has  been  Initially 

his  initial  starting  oeriod  remHy  P®^i°ds  from  tea  seconds  to  one  minute, 
ras  completely  unacceptable  for^a^i  acceptable  for  satellite  flights, 

gnition  problem  was  solved  hy  pumping  Lwn'^the^i*^  sounding  rocket  flight.  The 
efore  launch,  and  startiS  ?diSSe  J^th^ 

aunchw  Close  to  launch  th^  ovo*-  ^ ^ beam  system  1/2  hour  before 

nto  the  loa  source  and  with  the  dIs™Lr^stlXi*on'^*At*^a  **'  ®blH  H»wlag 
h^cep  was  opened  e»l  the  Ion  been  systS 


miiua.eni:  niectron  Density 

nd  a wide  dynanlc*ran^o™TOmber  danalel  couXd  be  a Xow  number  density. 

Itltude  raniefS  l^tdl  «>*  expected 

rlteria  were  best  expected  to  be  fulfill  a*  ^'u  ®*®®®  compatible 
arlods  of  quiet  ge^gnetic  activitv  sunset  during 

tons  were  obtaining™  c™«1‘of^TT®“f  u®‘“'  ^ P®®*!®- 

- ^L^:rs.e 

rtw^SdS:  w^ifaf  t “ ri' 

e lonograma  show  that  a sporadic  E Xaver  fE.l  rfJh  . u P®®l»d. 

X04  oXectrona/cm3  existed  at  on  altitude  neir  104  ?hrtu2„«  SemSt!’'’ 
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of  tbo  l.«ooph«c  ta  tto  104  ,. 

I'inogram  oaalysis^by  WakaftlSu?)  profile  dctcnnincd  from 

tJwi  ioaogram  analysis.  Ihl©  tc^nique*o£  deteralniL^n!®lJ"thf^i*li^"®‘*  ^4®” 
doAs  not  give  any  small  aeaio  t « . ®e  “®  valley  rcgloii 

~.«i7  ilk  z r‘i 


FLIGHT  HH^CRlPTtON 

ErS 

m i. 

»«e  wellent  dott 

As  filaiiin^,  power  to  the  netyio^^  t*  ^ the  flight  with  no  telemetry  losses* 
mentation  mas  turned  off  L^lll  tn  sensing  instru- 

opened  and  opera&^  successfullv  nsirf^S  payload  parachute 

tne  probe  arm  tdilch  vas  fullv  ^tendad  desert,  into  the  lower  atmosidieret 

matertel  on  the  RSEM  came  off.  On^aetTthf fr^  dlskf surface 
source  Were  broken*  All  ® trout  disks  of  the  Ion  beam 

and  the  electronics  of  all  the  inst^eSSti  * specifically  the  camera  and  film, 
isable  condition,  instrumentation  were  recoyeted  In  excellent  re- 


RESULTS 

hi#  o.. 

controlled  the  RPA  grid  voltages  ^ This  circuitry  which 

electrosteters  with  SrjJceS'AaJ  f function  only  as 

flush  mounted  with  the  payload  skin  Ihe  av  4 P®*^®ntial  on  the  grid 

arcing  produced  latS  together  wl«i 

mer  throughout  the  flight  uhieh  4n  ♦•  erratic  behavior  in  the  mode  ptogram- 
as  the  plmiSS.  S?IBS%tSi  unplanned,  as  well 

by  charLterlsJics  on  identified 

of  «re  c«robor«ed  daring  the  fllgHt  ^ tte‘’SSeirm.e’&nltor“ 
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For  a shore  time  period  after  the  SPIBS  cap  openlfig«  a cathode  to  anode 
discharge  vos  rialntalncd  in  the  ion  source  chamber*  This  petmltted  the  ejee* 
tlon  of  1*7  heV  positive  xenon  ions  at  currents  vith  volues  up  to  370  |iA. 

Ouritig  the  major  portion  of  the  flight*  during  ascent  as  veil  as  descent*  the 
cathode  to  anode  discharge  as  die  source  of  lont^  vas  replaced  by  the  cathode 
to  keeper  discharge  Idiich  resulted  in  ejected  currents  of  8 pA  at  *84  keV  and 
12  pA  at  1*7  keV.  A third  uiqtlanned  SPIBS  mode  of  1 pA  at  200  eV  Was  also 
obtained*  Electrons  vere  emitted  by  die  same  ion  beam  system  during  die  neu- 
tralizer filament  bias  mode*  Ihe  ion  beam  system  vas  operated  from  125  km  on 
ascent  to  111  tsa  on  descent*  a period  of  350  seconds*  and  except  for  a short 
interval  after  the  ca^^  opening  sequence*  particles  vere  emitted  in  a program- 
med cycle;  die  overall  repetition  rate  vas  nominally  Six  seconds*  but  some 
longer  and  shorter  cycles  vere  created  due  to  SPtBS  arcing*  The  electron  beam 
system  shoved  signs  of  cadiode  poisoning  but  did  emit  lov  currents  of  high 
energy  electrons. 

As  Shovn  in  Figure  2,  the  sensors  shoved  that  the  payload  charged  nega- 
tively and  then  positively  With  respect  to  the  ambient  plasma  during  die 
charge  ejection  of  positive  and  negative  particles  respectively*  As  shovn  in 
Figure  3*  the  Hiermal  Emissive  Probes*  Bipolar- Intersegment  Voltmeter*  and 
Surface  Potential  ttonltor  responded  to  changes  in  vehicle  potential  in  quite 
similar  vays  and  had  tilgh  negative  correlations  vith  ambient  plasma  density* 

All  three  Sensor  types  gave  repeatable  results  for  ascent  and  descent*  Figure 
4 shovs  more  clearly  that  although  the  sign  and  magnitude  of  poter'tials  mea- 
sured vote  the  same*  the  actual  values  differed  betveen  the  probes*  These 
differences  can  be  esi^lained  by  the  input  Inqiedance  and  time  constants  of  the 
devices  used  to  measure  die  voltages*  the  particle  fluxes  at  the  loOation  of 
the  probes*  the  magnitude  of  the  voltages  being  measured*  and  die  probe  geo- 
metry* An  analysis  of  these  factors*  using  ptobe  characteristics  and  load  line 
diagrams*  indicates  in  conformity  vith  the  majority  of  experimental  results  that 
at  high  voltages  the  Surface  Potential  Monitor  should  give  the  hldtost  potential 
differences  folloved  by  the  Bipolar  Intersegment  Voltmeter*  and  the  Thermal 
EmiSsiva  Probes*  The  analysis  shovs  that  the  probes  should  agree  at  lover 
voltages*  and*  in  fact*  at  measured  potentials  less  than  50  volts  all  three 
probe  systems  gave  the  same  results* 

The  following  is  a summary  of  some  of  the  results  from  the  measurements  of 
the  probes  during  charged  particle  emission  of  die  flight* 

1*  Unneutrallzed  beams  of  positive  and  negatively  charged  particles  :an 
be  emitted  from  a sounding  rocket  payload. 

2*  The  payload  can  be  charged  either  positively  or  negatively  using 
charge  ejection  techniques* 

3*  There  vas  excellent  correlation  betveen  vehicle  charging  and  ambient 
plasma  density* 

4,  During  periods  of  positive  ion  emission  greater  than  7 microaiqperes* 
vehicle  charging  levels  vere  independent  of  vehicle  pitch  angle  and  ambient 
neutral  particle  density* 
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TABLE  1.  - PAnXIAB  ’XNSlRliMEtltAnON 


PimPOSE  . 

Instrument 
Method  of  OperatloA 

I Charge  Eijeetlon 

A,  Electron  Beam  System 

Electrons  emitted  from  an  Indirectly  heated  oxide  coated  cathode  main- 
tained at  negative  potentials  vith  respect  to  vehicle  ground. 

B.  Satellite  Positive  Ion  Beam  System 

Positively  charged  xenon  ioAs  coctracted  from  a Penning  discharge  main- 
tained at  positive  potentials  with  respect  to  vehicle  ground*  Electrons  emit- 
ted from  a heated  filament  kept  at  negative  potentials  with  respect  to  vehicle 
ground. 

II  Measurement  of  the  Payload  Ground  to  Ambient  Plasma  Potential 
Difference 

A.  Thermal  Bnissive  Probe 

Coupled  hot  filament  - passive  probe  mounted  on  an  extendable  boom. 
Outer  shields  of  mounts  driven  to  track  probe  voltages.  A high  impedance  volt- 
meter measurement  of  probe  to  vehicle  potential  difference. 

B.  Bipolar  Intersegment  Voltmeter 

A high  impedance  direct  current  e<}uilibrium  voltage  measurement  and  a 
low  Impedance  high  frequency  trsoisieut  voltage  measurement  made  between  the 
isolated  payload  section  and  payload  ground. 

C.  Surface  Potential  ^Monitor 

!• 

Electrostatic  measurement  of  the  back  surface  potential  of  isolated 
kapton  and  gold  surfaces.  Also  measurements  of  the  current  flow  from  the 
samples  to  vehicle  ground. 

D.  Retarding  Potential  Analyser 

Measurement  of  the  current  to  a collector  placed  behind  a grid  as  a 
function  of  the  retarding  voltage  applied  to  the  grid. 

III  Vehicle  Discharge  Effects 


A.  Transient  hilse  Monitor 


TiffiLB  !•  (Contlftued) 

Radiatioi^  measurement  of  rate  and  amplitude  of  high  frequency 
electric  signals  from  discharges. 


B.  Camera-Arc  Gap  ^stem 

Photography  of  the  dielectric  surface  gap  between  pairs  of  pointed 
conductors  eattended  from  the  electrically  Isolated  payload  and  die  main  pay- 
load  sections. 


C,  Camera-Sheatli  Measuranent  Syston 

Photography  of  a wedge  of  space  adjacent  to  the  payload  skin, 
IV  Auxiliary  Payload  Measurements  and  Controls 

A.  Pitch  Angle  Measurement 


B.  Telemetry 

C.  Programmer 


I^iJS  2,  - flilVIRONMENlAL  FLKmi  COtIClA’IOilS 


Parameter 

Condition 

Magnetic  Activity  Index  Kp 

0 (Quiet) 

10*7  cm  Solar  Flux 

92 

Wind 

Light 

Sky  Visibility 

Overcast 

Solar  Azlmutfe 

71.3® 

Solar  Depression 

6A.9® 

I^unar  Atlmuth 

272.3® 

Lunar  Elevation 

34.0® 

Lunar  Fraction  Illuminated 

92.2% 

87 


TABIE  3.  - PLIGHT  EVENTS  SEQUENCE 


time-aj'ter  launch 

(Sec) 

53 

64 

66 

69 

69 

69 

69 

71 

71 

81 

87 

94 

94 

95 
103 
157 
264 
443 


ALTITUDE 

(km) 

EVENT 

53 

Motor  Burnout 

74 

Despin 

78 

Motor  Separation 

83 

Tip  Blown 

83 

Boom  Doors  162  Blown 

83 

Aerospace  SSPM  Door  Blown 

83 

RPA  #2  Door  Blown 

87 

RPA  #1  Door  Blown 

87 

Ceuoera  Door  Blown 

105 

TEP  and  RPA  H.V.  On 

114 

Electron  Gun  Cap  Blown 

125 

Ion  Gun  Cap  Blown 

125 

Camera  On 

127 

500V  TEP  Boom  Extended* 

139 

Ion  Beam  System  On 

205 

Electron  Beam  System  On 

257.7 

Apogee 

111 

Power  Off 

extended,  it  n>ay  have  remained  totally  inside 
V •'o  '»*»ere  the  outer  probe  sphere  was  approxl- 

t®  *”«*  the  inner  probe  sphere  was  approxl- 

llmlting'val^efr”  “®^®^  soiiieidiere  between  the 
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SUMMARY 


j-  * Representative  satellite  materials,  to  be  flown  on  StP-78-2  in  1979  on  the  SSPM 
Included  as  part  of  the  AFGL  Rocket  payload  flown  from  White  Sands 
1978.  Potentials  as  high  as  ~ +1100  volts  on  the  conductor 
‘»y  the  RSPM  near  the  minimum  in  the 
'^®  altitude  profile,  in  addition  to  the  charging  potentials  measured  during 
in  ®hargmg  currents  also  were  recorded  with  time  resolutions  neaf 

SSPM  on  SCAra  demonstrate  the  validity  of  the  experiment  concept  of  the 


INTRODUCTION 


K * Spacecraft  charging  during  natural  and  artificial  events  including  solar  eclipse  will 

(SCATHA)  satellite.  The  charging  of  various  thermal 
materials  fAl/kapton,  OSR,  Astroquartz,  Ag/TeflonJ  wiU  be  measured  by  throe 

to  ®*®**  capable  of  making  measurements  on  up 

SA  samples.  SpecificaUy,  each  SSPM  contains  separate  electronics  to  provide 

induced  currents  of  individual  samples, 
nil  twJ  (RSPM)  is  essentiaUy  one-half  of  an  SSPM  contain- 

ing two  samples,  a gold  plated  magnesium  conductor  and  an  aluminized  kapton  insulator. 

instrunSS  purposes  for  including  a modified  version  of  the  SSPM 

rocket  was  to  verify  the  concept  of  measuring  back  surface 
? f JLV  I surface  values  during  artificial  charging  eve^s.  It  was  not 

feasible  to  directly  measure  the  front  surface  {K>tential  of  a sample  material  in  spaces  The 
major  design  rffort  for  ^ SSPM/RSPM  was  the  development  of  a technique  for  mMWtag 
potential  of  the  samples  so  that  the  front  surface  potential  could  be 


« 
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Physical  Description 


ffi  r *^*1®  ?^®***^*  paokaped  in  a rectangular,  gold-plated,  nfaffnenium  ho*  /.m  h« 

aif £“MSz?{ 

atserabll"^  oireultry,  power  nippUcs  and  Interface  hardware  are  beLd  the  sampfe 


Sample  Materials 

surface,  and  a gold  plated 

^tained  a centrally  l«ated  hole  (.«as  cm  dtaj  eoneent?!!  S 7^1100^^^^ 

of  alumlnuin  on  the  kapton  sample.  The  Monroe  eleetrostatie  fieW 
T*K-  sensitive  a£>erture  centered  under  the  hole  in  the  samote 

setisor  was  spaced  about  .25  mm  from  the  back  surface  of  the  kapton  samoSe 

sorfaee^etaM„M;S,e^Srde^^^^^  »"  «« 

♦Kds  n/i  goW/magnesium  sample  plate  was  mounted  in  a Lexan  500  frame  2 mm  Above 


Signal  Conditioning 

diiritAi  ® ® Since  the  SSPM  outputs  are 

cii^italy  modification  of  the  telemeiery  interface  was  renuirpr!  a ft«Aeh  ^ u 

need^  to  the  problem  of  a log«rit4reo,?ISt  a^X  S 

«®rent  with  the  resulting  output  span^  zero  to  *5  volts 
pc  (Fig.  4).  Thw  smalt  tempera  turd  chatiges  forecast  allowed  a simole  dioHe  feeriK<ini; 

*!“  TIte  second  Is  ^von^  b? 

toreerroSh\^oLc{^^ 

L^retr.sru"s?rou^^ro*^drW^^ 

curves  cross  each  other  at  the  2.5  V line  when  th?*  input  is  5 x^0‘^A*  tm 

provides  a very  sensitive  indication  of  small  currents.^^and  allows  suflicientdynam^^^^^ 
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Temperature  Measurement*? 

♦K  'T®f’™Pe**ature  meaRureinents  of  each  sample  board  were  provided  by  a standard 

« •“  5 volt  output.  Tempgruturo  rangod 
from  16  C down  to  6 C for  kapton  and  remained  relatively  constant  at  ~18®C  for  the  pold 
plate  sample  assembly.  • b«iu 


Sample  Calibration 


The  potential  calibration  was  made  using  direct  contact  of  an  electrode  on  the  front 

calibrating  voltage  was  incremented  in  100  volt  steps  between 
-3000  volts  and  ->-3000  volts  (Fig.  6).  A nonlinear  calibration  curve  w'.s  used  tc  provide 
requlremen^^^  small  potentials  while  still  preserving  the  anticipated  dynamic  range 


Current  calibration  was  made  by  directly  injecting  a known  current  from  a constant 
current  source  into  the  input  of  the  electrometer  circuit.  The  range  for  both  positive  and 
negative  currents  was  10^  A to  10"^®  A.  & t u 

Temperature  calibration  was  performed  by  taking  numerous  measurements  after 
soaking  periods  at  each  temperature.  The  calibrated  linear  range  was  -]  0®c 


RESULTS 


* purpose  for  including  the  RSPM  on  the  Air  Force  Geophysics  Ubora- 

rocket  was  to  test  the  feasibility  of  monitoring  a conductor  and  an  insulator 
with  Monroe  electrostatic  sensors  during  gun  operations.  The  flight  also  provided  a 
qualification  for  the  non-standard  Monroe  flight  assembly  on  STP  78-2.  In  the  previous 
paper  given  by  Cohen  et  al.,  . ; was  clearly  shown  that  the  upper  stage  of  the  rocket 
achieved  negative  potentials  as  high  as  1000-1100  volts  near  electron  densities  of  10^/cm^ 
These  calculated  densities  were  for  altitudes  near  150  km  and  corresponded  to  flight  times 
near  111  sec  and  418  sec. 


For  display  purposes,  we  need  to  compare  the  RSPM  measurements  with  a potential 
and  a cur^nt  monitor  that  describes  the  incident  flux  on  the  samples.  The  outer  Thermal 

®®  ® potential  monitor  and  the  Retarding  Potential  Analyzer 
(RPA)  2 was  used  as  a current  monitor. 

«•  u*  ^ measurements  for  the  downJeg  low  altitude  portion  of  the 

flight.  The  top  curve  is  the  calculated  electron  density  described  in  the  previous 
presentation.  RPA  2 is  in  Units  of  nanoamperes  and  the  TEP  is  in  volts.  The  bottom  two 
curves  are  the  back-surface  potentials  of  the  gold  plated  magnesium  sample  and  the 
aluminized  kapton  sample.  During  the  time  following  ~395  seconds,  the  xenon  ion  source 
went  through  its  pre-programed  cycle  that  was  discussed  in  the  previous  paper.  In 
summary:  ions  are  emitted  at  ~9  Aiamps  with  energy  near  840  eV  for  1 second,  12  pamps  at 
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MO  .fe  w C/s  "“ 

c6mt>lete  the  eyelc.  «'»owea  oy  S200  volt  ioriR  at  1 /lamp  fOf  2.5  seconds  to 


time  ‘ AvtS^f^[.?Sl.lC«  m?tll!,eC".*“l  "T''" 

sensors  are  nuioh  faster  than  thp  n *>  ^ ^ constants  for  the  RSPIil  voltage 

voluge  for  C hS.1"  SS"  let  (l'?f  VWleitTJ?  S"'  ]**/'<>* 

current.  The  most  signlfieaht  a»eet  «f  thi  12?*/  i increase  in  RPA 

low  voltage  for  ~2.5  sec.  The  Mtentifli  ?/  *®  when  the  ion  gun  cycles  to 

potential  of  the  rocket  chassis  ^h«»  *1®^®***"®  indicate  a drop  in 

the  initial  value.  If  the  potentials  measuretf  from  *»lf’  RSPM  remain  at 

changes  in  the  reference  level  in  the  tiSv  the  RSPM  samples  were  due  only  to 

chassis  swings,  toward  zero.  The  observations\hat  the*rtftt®  potential  would  drop  when  the 
current  is  emitted  from  the  gun  UhardrivM  '*®”‘*“*  ® negative 

Ptoof  that  both  the  gold  mali^^^^  ^ deSiitive 

nigh,.  ,A  doulted  descrlp,ion*"cf  the  tlm^ 

portion^l^  fl^rwtere"rce?S  •>«  «»  “P«eg 

of  the  flight,  the  respZe  to  the  iTSri^  “f*"®  ““ 

the  night,  the  TEP  “C  Z-  ™C»ith  f,,!;*™.'!'*  “ ^ 

greater  than  10  namps.  As  the  gold  maghesinin  «2!?  ® coUectmg  current  in  the  RPA 

the  kapton  averaged  ~300  volt^  A through  anfl1vJi2*f  Values  near  1100  volts, 

production  would^  have  to  be  produced  secondary  electron 

interesting  aspect  cJ  this  data  K/7h«  f numbers.  Another 

attained  by  the  kapton  back  surface  While  the  »otd  highest  value 

next  second,  the  kaptOn  poteSial  dw^^^  ThS2^  .^ntinued  to  increase  for  the 

in  Figure  9.  poienuai  decreased.  This  example  wiU  be  addressed  in  more  detail 


change  on  the  rocket  chassis  from  -60^o  -250  vofts  negative  potential 

to  -15  volts.  The  gold  olated  rnampchim  L!!5lv*  J" ® potential  changed  from  -3 

preliminary  interpretation  is  that  s<^nHai>u  *fi”?  i*oweVer,  remained  at  -25  volts.  A 
ing  on  the  sample,  prevents  significant  eha?«rtntf electron  fluxes  imping- 
beams  show  that  significant  ^Mrerintr  nn  <»  i^isoratory  measurements  using  electron 
thiui  ~4  kev  «e  rSd“  ® ‘ «toc«ron  energil.  g««™ 


IE~ 

t faS-Thi^^k  rii.  ^ 

(l/e)  uf  the  kapton  sample  is  apDroximatpfv^tho  olm  milliseconds.  The  rise  time 

the  ''revious  figure  and  showed  a dtoop  in  the  igantftn^l*u  ^ example  was  ^own  in 

From  the  Iwlk  eoirert  iSr  !n  taofooXr?  rj°'/T  •'“•toitlel  0.5  see.  or  w. 
voltage  Should  decreMe.  •“«<  surface 
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The  final  figure  shows  the  RSt*M  instrument  parameters.  Based  on  our  preliminary 
analysis,  the  major  objectives  were  met  with  complete  success.  We  would  like  to  suggest 
that  operational  programs  concerned  with  material  charging  in  orbit  should  consider  flying 
such  a monitor  for  a direct  in  situ  measurement.  If  the  SSPM  instruments  on  SCATHA 
perform  as  well  as  the  RSPM  instrument  did  then  we  can  expect  a wealth  of  useful 
material  charging  data  in  the  coming  year. 


Figure  1 A sketch  the  Rocket  Surface  Potential  Monitor  with 
aluininized  kaptCn  and  gbld  plated  magneSltim  Samples 


Figure  2 Typical  SSiPM  sample  board  oh  which  the  RSPM  kapton 
sample  was  mounted.  Active  current  collecting  area  is 
approximately  5 inches  square  or  ~ 160  cm^. 


Figure  3 Schematic  representation  of  the  dielectric  sample  holder 

and  associated  sensors.  The  electric  field  sensor  is  positioned 

under  the  back  surface  of  kapton  with  a 0.  25  inch  diameter 

aluminum  etched  region. 


OUTPUT 


2.6-5V=  -CURRENT 
0-2.5=  4CURRENt 


Figure  4 Scheriiatic  diagram  of  the  logarithmic  current  amplifier 
designed  for  the  RSPM  that  takes  the  digital  electrometer 
outputs  and  converts  them  to  analog  T/M. 


i 
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SICaMISAftINiAUlU'M 


Figure  9 High  resolution  ( ~ 30  m sec/sample)  data  from  potential 
and  current  outputs  of  the  RSPM.  The  charging  times  of 
the  kapton  and  the  isolated  gold  plated  conductor  can  be 
easily  resolved. 


TWO  CURRENTS 
TWO  TEMPERATURES 


Figulre  10  Characteristics  of  the  RSPM, 
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abstract 


wesiratJie  features  in  = 

up  and  outnut  Problem  discussed 

the  program  can  be^’^sldf ® V«  ^°*’,  ^®"'°''®‘‘'«te  Se%ale‘’with®”h®®J" 
craft  charging  is  examiAed\nd’"otLt%pJi®^®®^^”^  case^of  space- 

applications  are  discussed. 


Introduction 


brohen  dowri„%r?J?f|, ~”P“ber  spacecraft  model  can  be 


1. 

2. 

3. 

4. 

5. 


Fe«Sr”l  °|  S"  ®P®?««aft  itself 

Man-hourl  tl  ^"‘««tion 

tlon  “P  «<i  computer  time  to  run  a calcula- 

A way  to  verify  the  model 

the  basic  shaoeii  fJ  tirst,  some  oeometricfl  desired 

as  boomrand  £ni-f  spacecraft  bodrlnd  fni  f®^f^l^such  as 
parts  of  the  surfaSf^’  one  would  want  ®^®^ 

f s ot  the  spacecraft  sur- 


ministration, '’LeilI‘*ReL«|h''?ei?«j'  Jnll^coM® 

' under  Contract  NAS3-21050. 
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important  to  decide  what  approximations  go  into 

reeion  ^ anient  plasma.  Can  you  include  the 

reliSS  spacecraft,  and  get  a detailed  look  at  the 

Does  specify  normal  and  extreme  conditions? 

that  Si  ! in  time?  Other  aspects  of  the  environment 

StjecJIriL?  anfpa???2?e 

®J»®c6craft-envirortment  interaction  is  mainly  a matter  of 

spacecraft  surface.  The  im- 
portant Charging  currents  are 

!•  Incident  electrons 

2 . Photocurrent 

3 . incident  protons 

4.  Secondary  electrons  from  electron  impact 

5.  Secondary  electrons  from  proton  impact 
6 • Electron  backscatter 

Sell  /round  the  spacecraft  surface,  depending  on 

win  wSef informatr^Hwl  IlnsiSira- 
tion  when  calculating  particle  fluxes.  v-wne.xuera 

spacecraft  modeling  can  be  prohibitive  a 
rs  general  ends  up  solving  a siries  of  Slatilnriith 
hundreds  or  thousands  of  variables.  An  exact  Qointinn  Am  a* 

hard  to  get  convergence  from  an 
terative  solution.  Much  care  must  be  put  into  this  aspect  of 

^Jl;eSI«?:'ai"“f?Si?f!™^“  program^start  to 

buiid^Miiicisf  LTti^z  ""SI?  ^loii 

reasonabU  techniques,  are  to  model  around  experiments  to^hLv 
|?IS!llsf“  -pa  to  test  the“?l|“rll'bl|„|'’“’' 


NASCAP  APPROACH 


As  we  have  seen,  the  physics  which  must  be  examined  in  r>r-dds«- 
to  model  spacecraft  charging  presents  a problem  of  formidable  d< 
0fMril‘’f  ^“Ptactical  to  de?e?lp  ? 

5®  ^*^®  aspect  of  the  problemT  By  olacino 

class  of  problems  to  be  examined  we  have  been 
construct  the  NASA  Charging  Analyzer  Program  which  pro- 
eq?®®  l?f ®?^*^  information  in  those  cases  of  most  practical  inter- 


Oujr  spp^Odcli  hds  b@6n  to  limit  the  r'anno  » w* 
ments  to  those  whose  Debye  length^  ambient  environ- 

object  dimensions.  For  5®  compared  to 

nitely  true.  magnetospheric  substorms  this  ic  defi- 

Og  'V'  10,000  eV 
n^  'X/  1 cm*"^ 

Xjj  'V'  0.7  km 

sions  comparable'^to^Debye  lengths**’^Por*’finite^n  dimen- 

Overall,  we  have  modeled  all  asoects  of  4-ho 
electromagnetic  wave  DroDaf*;»f  I’on  *o  of  the  problem  except 

best  available  analytical  ?heo??;.  Snf  <^he 

mize  the  brute  force  number  mini- 

been  able  to  cosine  SoSd  LeatSo^i^^%  By  doing  this  we  have 
sheath,  complex  obiL?  and  ai^ient  environment, 

into  a single  code?  ^hirfs  don^^S^^c?  P^^^icle  interactions 

veloping  approximate  models  wherl  nLessarv^”°Por^2^^^^? 
contains  analytical  aPDroxlmaf?one  Example,  NASCAP 

function  of  electron  enerav^J  2®  \ backscatter  as  a 

Monte  Carlo  transport  results  ^thSIo^fo  as  accurate  as 

dble  yield  es'hiniA't-oc  =iv%a  ^ these  formulations  do  give  reason** 

■»atea  in  reaainSbir^o^^f  of  ii  ™"f  " reasonable  esti- 

regardless  of  cost  Thi«s  nh?fr^^  u oPPOsed  to  best  estimates 
quLi-analy?Ica?  models  were  Permeates  the  code.  Where 

developed  them?  necessary  but  unavailable,  we  have 

spaceSl£f?STfo'lai?^|?an''af|  "1"  approximate  the 

lite  is  provided  by  nestino  space  around  the  satel-- 

has  a linear  dimension  twlcfa^fhf^  where  each  grid 

can  be  an  arbitrary  number  of surrounds.  There 
-re  ,ti.s.  the  lS^g2?”^L'  ti^Ut  . 

5?!aT“The 

?fdillereSfmaL%?Sl^"^e"S?Ie^If??^^ 

surfaces  may  be  subdivided  for  highe?* resolution?^”  classes  of 

using^a^thre^diJIeisiSna  puter^LSr^  To’^Sak^^th^  aspect  of 
easy  to  use,  NASCAP  provi  e;-  an  extremely  simpif  objlcrdefiSition 
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language.  Complex  three-dimensional  spaeecraft  can  be  described 
with  a minimum  of  effort.  The  satellice  shown  in  figure  4 is  a 
good  example.  The  central  structure  is  octagonal  with  a gold 
circumference  and  aluminum  top  and  bottom  surfaces.  The  two 
planar  sheets  represent  solar  cells  with  kapton  covering  the  back 
surface.  They  are  attached  to  the  main  body  with  kapton  coated 

defined  using  31  brief  lines  of  input 
, ?*  f ! simple  object  definition  commands  are  fully  ex- 

plained in  the  NASCAP  User's  Manual  (ref.  2). 

Once  the  object  definition  is  complete,  the  program  alter- 
nately calculates  charge  accumulations  on  surfaces  and  potentials 
caused  by  these  charges.  Due  to  the  variety  of  timescales  in  the 
system,  the  algorithm  used  to  advance  the  charge  distribution  in 
time  IS  extremely  complex,  so  complex  that  it  uses  a couple 
thousand  element  self-generated  capacitor  model  as  its  own  inter- 
nal  estimator. 


mu  produces  a variety  of  printed  and  graphical  output. 
The  fundamental  idea  is  to  help  the  user  follow  the  progress  of 
the  calculatxon  (figs.  6-14).  ^ 


The  first  graphic  output  is  a two-dimensional  view  of  the 
spacecraft  with  surface  cells  shaded  to  show  the  material  types. 
Each  surface  cell  is  individually  classified  fay  material,  with 
up  to  15  different  material  types  allowed. 


Next  is  a three-climencional  perspective  view  of  tho  space- 
craft without  hidden  line  removal.  This  is  helpful  in  tracking 
down  object  definition  problems.  It  is  followed  by  a view  from 
the  same  perspective  with  surface  cells  outlined.  In  this  sur- 
face cell  plot,  hidden  lines  are  removed.  The  user  gets  a quick 
and  accurate  feeling  for  the  defined  object.  The  routine  that 
generates  these  plots  also  calculates  exposed  surface  areas  for 
aete.rmining  photoelec troil  eonission. 


These  plots  are  generated  at  object  definition  time,  before 
the  actual  satellite  charging  begins.  The  major  outputs  of  the 

charging  calculation  are  the  flux  breakdown  printout  and  potential 
contours . 


The  flux  breakdown  printout  shows,  for  any  surface  cell(s), 
the  charging  currents  operating  on  that  cell.  Each  individual 
surface  cell  requires  a separate  calculation.  By  requesting  flux 
breakdown  printouts,  the  user  can  closely  follow  the  charging  pro 
cess  at  any  point  on  the  surface. 

efficient  way  to  show  what's  happening 
to  the  electrostatic  potential  both  near  the  spacecraft  and  far 
away.  The  user  can  look  at  the  potential  contour  plots  generated 
every  time  cycle  and  get  a good  feeling  for  global  changes  in  the 
spacecraft  sheath.  y “ 
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NASCAP  detector  routines  plot  flux  density  versus  energy  of 
partieles  reaching  the  detectors.  Detectors  can  be  placed,  at  the 
user's  discretion,  on  any  surface  cell. 

The  emitter  routines  plot  trajectories  of  particles  emitted 
at  various  energies.  These  trajectories,  along  with  potential 
contour  plots,  give  a very  good  idea  of  fields  surrounding  the 
spacecraft  or  test  tank  object. 

Finally,  if  local  electric  field  stresses  exceed  some  user 
specified  threshold  value,  a message  is  printed  and  the  code  re- 
distributes charge  as  if  a discharge  had  occurred. 


VALIDITY  OF  THE  MODEL 


With  a model  as  broad  in  scope  and  as  complex  (over  400  sub- 
routines) as  NASCAP,  the  immediate  question  is  "How  do  you  know 
that  it  gets  reasonable  answers?"  So  that  we  have  confidence  in 
NASCAP  results,  testing  and  comparing  to  analytical  results  has 
been  a major  part  of  the  development  program.  The  accuracy  of  the 
various  components  have  been  examined  in  configurations  simple 
enough  to  determine  their  inherent  accuracy. 

Since  the  capacitances  of  simple  objects  such  as  spheres, 
cubes  and  cylinders  are  known  quite  well,  we  have  used  these  to 
determine  how  well  the  potential  routines  work.  For  all  cases 
the  N/ISCAP  results  were  within  10  percent  of  analytical  predic- 
tions, and  for  objects  of  more  than  a zone  resolution  and  for 
booms  of  radius  much  less  than  the  grid  spacing,  the  NASCAP  re- 
sults were  accurate  to  a few  percent.  The  electric  fields  in 
space  were  of  corresponding  accuracy  near  the  satellite  and  in- 
creasing accuracy  away  from  the  vehicle.  The  accuracy  of  the 
potentials  are  limited  only  by  the  ability  of  the  finite  element 
interpolation  functions  to  represent  the  true  solution.  For  com- 
plex objects,  the  NASCAP  code  uses  the  same  algorithms  and  the 
accuracy  should  be  comparable.  Since  NASCAP  automatically  takes 
into  account  mutual  capacitances,  it  is  a vast  improvement  over 
hand  generated  capacitor  models  for  complex  spacecraft. 

NASCAP  assumes  that  charge  is  accumulated  on,  as  opposed  to 
deposited  within,  dielectrics.  Bulk  conduction  is  included.  We 
have  performed  detailed  one— dimensional  calculations  of  charge 
transport  within  dielectrics,  and  have  found  this  to  be  a reason- 
able approximation  for  electrons  of  a few  to  tens  of  kilovolts  in 
all  but  the  thinnest  of  dielectrics.  It  is  also  an  approximation 
that  can  easily  be  modified  in  the  future  if  the  need- arises. 

The  charging  currents  are  the  algebraic  sum  of  incident 
fluxes  and  backscattered , secondary,  and  photoemitted  electrons. 
For  spherical  test  cases  we  have  compared  NASCAP  reverse 
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^ currents  with  spherical  probe  formulas  (ref.  3).  De- 
pending on  the  number  of  trajectories  sampled  the  results  were  in 
reasonable  agreement,  the  largest  errors  due  to  the  differences 
between  numerical  and  analytical  integrals  over  angle  of  the  back- 

formulas.  Thus  the  two  basic  re- 
quirements of  a charging  calculation,  the  potential  and  charge  ac- 
cumulation, are  performed  well  by  NASCAP.  cnarge  ac 


f,.«™  NASCAP  material  interaction  models  have  been  developed 
with  results.  Their  predictions  are  being  compared 

experiments  and  are  the  subject  of  another  paper 
this  session.  It  should  be  pointed  out,  however,  that  NASCAP 
accepts  parameters  for  these  models  as  input  and  that  the  models 
themselves  are  contained  in  very  short,  easily  replaceable  sub- 

' modifications  and  improvements  in  the 
formulations  can  be  made  very  simply  if  needed. 

ir.  particle  trajectory  algorithms  are  second  order  accurate 

in  partica.e  timesteps  insuring  good  conservation  of  energy  and 

followed  beyond  the  outermost  grid 
f extrapolation  of  the  monopole  potential. 

This  allows  long  excursions  of  emitted  particles  to  see  if  they 
return  to  the  spacecraft.  ^ 


algorithm  employed  to  integrate  charging  currents  over  a 
describe  to  ensure  physical  results.  Rather  than 

n^sirltes  " calculation  which 

Maer>»oi example,  which  nevertheless  displays  some  of 
NASCAP  s upfulness  as  a model,  is  the  case  of  a spherical  object 

^^®  photocurrent  is  larger  than  the  incident 
™ ^ capacitor-current  balance  model  would  lead 

® sunlit  surface  will  remain  at  a posi- 
NAgpAP  relative  to  the  surrounding  plasma.  However,  the 

o?!™  current  integration  routines  recognize  that  space 

limiting  prevents  photoelectrons  and  secondary  electroL 
from  supporting  a potential  barrier  of  more  than  a few  volts. 

multidimensional  aspects  of  the 

potential  leads  to  a very  different  equilibrium,  one  with  the  il- 
luminated surfaces  a kilovolt  negative. 

^5®  c®s®  of  a teflon  coated  sphere  in  sun- 

plasma  for  this  case  is  an  isotropic,  Maxwellian 

plasma  with  a temperature  of  20  keV  and  a density  n.,  = n.  = 

1 cm  . Sunlight  was  incident  on  one  side  of  the  sphere^  (fig.  15). 

16-22  show  the  time  development  of  the  electrostatic 
satellite-sun  line  lies  in  the  plane  of  these  fig- 

the  differentiated  by  shading.)  For 

foS  sphere  charged  uniformly.  Over  the  next 

few  seconds,  the  negative  charge  accumulated  by  the  shaded 
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dominate  the  electrostatic  field,  causing  a 
saddle  point  to  appear  in  front  of  a sunlit  surface  At  ab<sut 

The^sunlit  a*'®  point  became  negative. 

relatiSe^to  ?hf  ® potential  a few  volts  positive 

10 4 steady  state  potentials  were  reached  at  time  t 


4.  APPLICATIONS  OF  NASCAP 


of  spacecMft*Dftei??a?^^S^”^^^^^^  engineering  estimates 

can  provSfdeSueS“«tic!npS?l?rio^^^^^ 

2sS!?rof  222i|-  in  order  tS  Iid  2“n?2p2Sng 

4_  • £ cx0rttxfxc  GxpGf xtnGH'ts • As  of  ‘thxs  ‘ti.niG  'thG 

torv*2tarifl*fhS2®  ““ired  to  the  comparison  with  labora- 

Sl'^of^a  taw^s^?2?^2?  results  and  to  the  generation  of  mod- 

vi!idf4  s;  222af^^r2e2!2%‘uPtSr2n2%o^r  “TL22  “ 

■ s th?'«Sd?^il2i??„^*  °*  engineering  importance 

i'LSld  Sftiofa  S!i»=  ““nrarng  control.  The  operation  of  onboard 

t2  IffeSrif ^an.h?2?  proposed  as  a means  of  minimising 

SaturerS  2?  ®“YiJO"”?'>i  spacecraft  charging.  NMCAP 

o2rge  lr2sSi  '='>®  trajectories  and 

cnarge  transfer  effects  of  such  beams.  For  example,  we  have 

lit^precharqed^?^^^5°^^  milliampere  electron  Litter  on  a satel- 
__  to  -2.5  kV.  The  potentials  on  spacecraft  ground 

2^2  2?  r ® i“"®tion  of  timS  are  shL^  Sn 

rigure  ^3.  Notice  that  the  insulator  will  differentiallv  charae 

to  a s^stantial  negative  potential.  Sample  particle  trLectorv 

phase  are  sho»-n  in  figure  24.  By  ^ 
systems  NASCAP  can  estimate  their  utility  and 

nei?Ln?=  2"^  design  problems,  so  that  actual  flight  ex- 
periments have  the  best  chance  for  success..  ex 

problem,  particularly  in  the  future,  is  the  in- 
teractions  of  large  space  structures.  While  not  specif ioallv  de- 
gned  for  this  application,  the  finite  Debye  length  sheath  treat- 
ment  in  the  NASCAP  code  will  combine  with  the  revIrL  traiLSr? 

limltedLh^K*  give  good  estimates  of  space  chLge  ^ 

limited  charge  collection.  The  present  algorithm  employs  linear 
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object  in  the  preceding  figure 
(paddle  satellxte.)  is  defined  by  these  commands* 


«SF«tt  OU.  IMiOIM*  CmfKttlf  IlM  M VttWD  moh  M FWITM  » OOSCUCM 


Ha  U «nl«cb  mmat  i «u  » 


miyiML 


- □ 


» n.  M.  tt.  IS. 


9 MIS 

Figure  6*  Satellite  illustration  plots  show  the  material  com° 
position  of  each  surface  cell. 


Figure  7.  Object  structural  plots  give  a perspective  view  with 
out  hidden  line  removal. 


Figure  8.  Surface  cell  hidden  line  plots  give  a clear  idea  of 
overall  spacecraft  structure. 


Figure  14.  Potential  contours  around  a fully  charaed 
covered  grounded  plate  in  a ground  test  link.  An  Ifec^rfi 
beam  is  coming  from  the  left.  Notice  the  fuiiv 
tial  saddle  point  to  the  right  ol  tSe  piLl?  ^ 


T • 0.1  8SC 
AV*  0.2  VOLTS 


Figure  17. 
time. 


Potential  contours  about  a sunlit  sphere  early  in 


Figure  18.  Potential  contours  around  sunlit  sphere  shnw^i 
appearance  of  saddle  point  ( + ) at  -5.6  volts 


ea 


Figure  23.  Active  control  simulation.  A 1 mA  particle  emitter 
IS  activated  with  beam  energy  of  1 keV.  The  spacecraft  goes  from 

potential  to  positive  1.0  kV.  Spacecraft  ground 

falls^Lek  that  level  while  a solar  cell  on  the  surface 

rails  back  to  a negative  potential. 


Figure  24.  Particle  emitter  trajectory  plot, 
ted  particles  escape  the  spacecraft  vicinity, 
turn  to  various  points  on  the  surface. 


Some  of  the  emit- 
while  others  re- 
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show  shielding  effects'!'**^Shown*is^a®two^met**^°''  k*  employed  to 
-100  V,  in  a plasma  with  Deb“  UngtJ''of”!rLf er^ 


• J.J  N 


L • 2 « 


?h?rpl^L  f “f"  once  again  to  -100  V 

leads  to  more  signifLant  shlefrt?;^  S'"!;  Plos">o 

is  steeper  near  the  oSbe!  ®"^  <^he  potential  falloff 
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ABStRACt 


• -I  describe  here  a detailed  model  of  the  ceometrical  ma'te'— 

c>f  the  SCAMA  satellite  fir  use 

culatioL**tn\^*'®^?^"^  Analyzer  Program  (NASCAP) . charging  cal- 
Itrate  thai  ?-"tens6  magnetoSpheric  subst  -ra  environment  demon- 

can  significantly  lerturb  the  poten- 
tials near  the  spacecraft,  and  (2)  discharging  by  Sunlight  or  by 

serious  time-dependent  differential 

charui&g  problems. 


INTRODUCTION 


_ developed  a detailed  model  of  the  SCATHA  Satellite 

1 Charging  Analyzer  Program  (NASCAP)  (refs. 

1 and  2) . The  model  accounts  for  such  geometrical  complexities 

over  pSrtioSs  Presence  of  insulating  materials 

effects  of  ground  of  the  space  vehicle.  The 

' Photoemission  and  secondary  emission  caused  by  electron 
active  control  devices  such  as  electron  and  ion 
^2*^  surface  and  bulk  conductivity  are  included  in  the 

Snf  i;alIst?rtS:^ien^^^  represents  the  mos?  complete 

for  any  satellite!*^  ^ ^ spacecraft  charging  attempted  to  date 

I ?®8cJ^ibes  the  SCATHA  model  employed  in 

NASCAP.  A detailed  shadowing  study  was  performed  for  a deometrl- 

tion^3”°^we*hS'*^®^®  SCATHA  model;  this  Work  is  described^in  Sec- 

stSdy  lit  coacXusions 'of  thi. 


supported  by  the  National  Aeronautics  and  Space  Ad- 
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SCAtHA  MODEL  DEVELOPMENT 


The  NASCAP  pro^rar.1  allows  the  specification  of  the  geometri- 
cal/  material f ^ and  electrical  properties  of  a spacecraft  in  con* 
siderable  detail,  we  have  attempted  to  incorporate  the  most  cur- 
rent and  complete  information  available  for  SCATHA  into  our  model. 
However,  the  present  model  is  meant  primarily  to  illustrate  the 
intended  level  and  Scope  of  our  study,  rather  than  to  provide  the 
final  word  on  a model  specification.  The  NASCAP  code  allows  model 
features  to  be  easily  altered  to  make  our  model  a more  faithful 
representation  of  the  SCATHA  satellite  if  the  need  arises. 

Perspective  Views  of  our  gridded  model  are  shown  in  figures  1 
and  2.  The  main  body  of  the  satellite  is  represented  as  a right' 
octagonal  cylinder,  with  the  aft  cavity  visible  in  figure  2.  The 
OMNI  antenna  and  the  SC9  cluster  of  experiments  are  visible  on 
the  forward  surface  of  the  satellite.  Our  model  reproduces  the 
actual  SCATHA  geometrical  features  extremely  well,  as  shown  in 
table  1.  Note  in  particular  that  the  treatment  of  booms  in 
NASCAP  allows  the  actual  boom  radii  to  be  reproduced  exactly  in 
the  model.  The  requirements  in  NASCAP  that  booms  parallel  coordi- 
nate axes  and  intercept  meSh  points  in  all  grids  effectively  force 
any  long  booms  to  pass  through  the  center  of  the  innermost  mesh. 
Therefore,  our  present  model  includes  only  the  SC6,  SCll,  and  the 
two  SC2  booms,  with  the  orientations  fixed  at  right  angles  to  one 
another . 

Figure  3 illustrates  the  computational  space  in  which  NASCAP 
solves  Poisson's  equation  for  this  model.  Monopole  boundary  con- 
ditions are  imposed  on  the  edges  of  the  outermost  grid,  which  is 
a rectangular  prism  of  dimensions  1.6  x 1.6  x 3.2  m.  The  zone 
size  decreases  by  a factor  of  2 in  each  of  the  four  successive 
inner  grids,  so  that  the  effective  resolution  is  11.5  cm  near  the 
satellite  body.  (Local  mesh  refinement  techniques  in  NASCAP  allow 
a resolution  of  2.5  cm  for  selected  zones  on  the  satellite.) 

Our  model  includes  the  specification,  of  15  distinct  exposed 
surface  materials,  each  of  which  is  specified  by  the  Values  of 
some  13  user-supplied  parameters.  The  surface  materials  are  de- 
scribed in  table  2.  We  have  attempted  to  find  experimentally 
measured  values  for  all  parameters;  where  this  has  not  been  pos- 
sible,  suitable  estimates  based  on  the  properties  of  similar  ma- 
terials have  been  used.  Table  3 lists  the  values  employed  in  the 
calculations  reported  here.  The  analytical  expressions  in  which 
these  parameters  are  used  to  evaluate  net  surface  currents  are 
described  in  detail  in  reference  5.  The  formulation  of  electron 
backscattering  in  NASCAP  has  been  somewhat  modified  recently,  and 
the  newer  treatment  is  described  in  appendix  A.  The  exposed 
materials  are  illustrated  in  figure  4 in  which  the  locations  of 
several  of  the  SCATHA  experiments  are  also  shown.  Experiments  at 
the  ends  of  SCATHA  booms  are  modeled  as  a single  boom  segment 
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exposed  surface  area  of. the 

spacecraft  9rouBd?^the%efereno«^hJ^a'"”'*®’^^'^^"*  conductors: 

SC2-1.  SC2-2,  Sci-1  and  l«!f?'%acf;/!:2  ‘he  fou-  :xperi«ents 
ductors  IS  capacitivelv  couni^aH  +.«  these  uhderl^xrig  con- 
can  be  separately  blas^  with  resbacrto'^®*’'  fsound,  and  each 
uctor  could  be  introduced  to  underiatr  ^ ^©venth  con- 

Propriate  bias,  m this  studv  SSfiX  an  ap- 

float  and  all  other  conductors  were  bia^d®?  allowed  to 

and  <^etectLs^lolatld®orthe^Spacecraf^  particle  emitters 

viously  (ref.  2).  These  described  pre- 

analysis  of  the  operation^of^  fo?  efaSn?  the 

SC6,  SC7,  and  scsf  ISch  experiments 

helpful  in  determining  the  influefto«a  should  be  particularly 

particles  emitted  durinq  active  f spacecraft  fields  on 

scarce  of  particles  se2^  afdeJeSto^'siies?"  ""  ^®‘«™ining  the 


SHADOWING  STUlTf' 

For  the  SCATHA  shadowina  stndv  .. 
percent  shadowing  tables  for  varin^e  ^f®  required  to  generate 
to  generate  accurate  table“usiM  "®  "®xe  able 

fOT®a  ti,hV'  i®®®  “®"  = “inutes  uniiac  nJo/lrtL®”®®"*®  ®°”‘ 

for  a table  of  7560  entries.  ^^«->-vac  ±ioo/81  time  was  required 
routinenrf^?I°?|^li”\®®P®?i“ties  of  the  NASCAP  shadowing 

to  employ  a SCATHA^mSIe?  for  shS^f^f  *'®  «®P®  sble 

was  treated  geometrically  in  much  each  experiment 

described  in  Section  2.  Figure  5 show«  than  in  the  model 

perspective  view  of  the  MLlf-7  oLf  ■ *^^®  of  detail  in  a 

Booms  were  placed  at  their  actual^! ^^®  surface, 

the  experiments  at  the  boom  eJds  we?roiSSn  satellite,  and 

metrical  complexity.  Figure  6 Qh^wf  4-2  great  deal  of  geo- 

booms  as  they  were^res^i?e“®iS  ^Sriha^SLfSrsiulJ!-'''  ®"-> 

NASCArihId^rS^"®^n?|^r(H!DC.U^  «>®  “®“®1 

tables  cover  satellite  ^ generation.  The 

lite  plane  deviations  from  the  sun  line'er-S^lo^+S”?'’® 
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CHAftdiNG  CALCULATIONS 

^e- 

lowing  parameters:  ° Maxwellian  plasmas  with  the  fol- 


®el  “ 40,000  ev 
^11  « 20,000  eV 
»ei  “ 10  cm’^ 
’'il  “ 10  cm~^ 


6q2  “ 100  ev 
®i2  * 100  eV 
**@2  “ 10  cm  ^ 
*'i2  ~ 10  cm”^ 


fh«ge  were  neglected  in  the  solution 
IS  much  smaller  than  the'^plal^a“ejyl  radius 

_ D ~ 


100  cm 


Ijj  'V'  700  |/|-  ^ 2200  cm 


'^0.05 

There  was  no  sunlight  present  in  the  iirst  calculation  descrihed 

-erall  Charging  phase 

wnether  booms  have  a significant  ^C.  question  of 

«hi=f  sSSls'lolSnlL"? 

w!lle®?h  ‘ll®  'distortion  of  MntouJs  bv  thri®®^®"/^^  the  booms 
wniie  the  boom  radii  are  .smaii  <To  booms  is  obvious 

« routed  to  the  JJo^  laSiancI  ®“®'t  »n  potSI?ials 

cally  with  radius.  This  resiii4-e  <:  * varies  only  logarithms- 

actions  from  thin  booms,  where *^the  ohaSLt®"?®  Potential  inter- 
xs  Closer  to  the  boom  lWh“thatM"?hTJl“®Ja1iS“®^ 

velo^nt”l1i^?“^J,|f tgUg^u  a much  slower  de- 

onds^al  fSHoUrinS^iln  "i”®i®"‘isltej^"a£teril  s« 

or  the  booms  after  22  sAi^rm/^e  ^ . f shows  contours  in  the  ni;mn£^ 
veloped  at  the  bISm  enlHSe  varla‘?f  ^i«srential  cSaJg!„?"|“ 
ties  between  the  experiment"! 
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overall^eharCT^n^'^^^i'i*”  description  of  the  plasma  leads  to  a low 

slcS2a«i'lf1  at%renS™o«s“ra?e  anfihese , tSf 

curranf'^^  produce,  balance  the  Incident  electron 

collection  model  in  which  thr 

P?esl“  SSs^Sh^rr  /‘"^ia^L”!?**  '''•l^age,  which  is  valid  in  the 
Tfo#  A\  m w,  ^s/^D  small,  as  discussed  by  Laframboise 

Utaiu^^’for  ?heVo»  <»®tailed  current  balLcrSI„  equi- 

?V®  surface  material  in  the  presence  of  the^ 

table  described  above.  Also  shLn  in 

oSi  to  iL  breakdown  for  the  same  material  sub™ci2d 

i"  this  case,  ?SIiSI2lAg  thit  ISr 

reached  would  have  been  much  lower  had  we  em- 

plasma  model.  For  both  plasma  models 
^T^®  potentials  reached  will  depend  on  the  exact  vain^ne  am^' 

Leat^care  shLid°h°”  electron  induced  secondary  yields. 

® should  be  exercised  in  the  determination  of  the  values 

p?oductioi^of‘^sS^''°J  estimates  for  parameters  which  affect  the 
tions?^  ^ secondary  electrons  in  these  and  similar  calcula- 

ciente^?^ii«\^*'®  atomic  number  dependence  of  backscatter  coeffi- 
^ ®^®  high-2  materials  charc/e  less  negatively  than 

SCATHA,  this  means  that  the  magnitidi  of 

sS?faces  ?®  ?ig>^ificantly  lower  than  most  other 

area?  ' since  exposed  platinum  constitutes  much  of  its  surface 


which'^^ho^I®  s similar  calculation  on  this  model  in 

turned  on  after  22  seconds  of  charging  in 

ing  ?®rkev?®alona°?hi®h^°''  results  in  strong  differential  charg- 
♦■iif  K ^ *^®v)  along  the  booms,  as  shown  in  figure  13.  In  our  model 
the  boom  surfaces  are  very  weakly  capacitively  coupled  to  the 

the'^expLimeits^at^Jh®  extend  the  length  of  the  booms,  while 

Sosllv  to  ^J®  SC2  and  SC6  booms  are  coupled 

of  IliLina  th^K^®  This  Weak  coupling  has  the  effect 

tionq  oomoL^S  4.^  ?S!*®  i^eact  rapidly  to  environmental  perturba- 

satellite,  leading  to  temporarv 

lar^effectc^^fh^^^S-^^^i!^®^®”^^®^  charging.  We  have  Ibserved^simi- 
lar  effects  when  discharging  the  satellite  with  an  electron  gun. 

The  potentials  near  the  satellite  in  sunlight  are  dominated 
by  the  monopole  field  of  the  spacecraft  body.  A photoemitting 
boom  surface  element  can  discharge  only  to  the  value  of  the  local 

a?r?ef?e?t^oS"o?';hof""?  discharge  is  limi^ef b^nulied?- 

I P^oto®lectrons.  This  has  the=  amazing  conse- 
quence  that  the  booms,  strongly  perturbing  in  eclipse,  now  seem 

potential  contours  near  the  satellite  body. 
Note  that  significant  differential  charging  in  sunlight  along  the 


mately  15  minutes  CPD  tine  during  difhrential 

minutes  CPO  time  when  no  dif ferential  charging,  and  5 

mately  10  cycles  of  each  type  wl?e  JegSl^S  fL  th^^^?;  Approxi- 

l^l^Ustl^n  "SiSr^hf  sS?Hl'':cle 

P^IsenJe^hLe  aS  tL^^®  that  of  the  model 

deduced  by  roughly  80  oereSni-^?®  shortened ; computer  times  are 


CONCLUSIONS 


SCATHA^satelifflSI^^^p^^^i  development  of  a detailed  model  of  the 
mSnScs^L^Jif  calculations  in  00:“" 

a“^S“a°Uax2eJ!iaJ."  to  that  found  for 

• s^c^:it'‘?relupse?‘“"  Potentials  near  the 

• The  use  of  hi^h  atomic  number  coatings,  such  as  Dlatirmm 
cSarging?®*”®'  increase  the  severity  of  difle?enuT 

• Discharging  by  sunlight  or  by  active  control  mav  lead  to 

i"Of?«es  in  differential  ohargiSg  alSng  the 
ground.***  ° * eoupling  of  the  booms  to  spacecraft 


estctlrStSilEiri^ 

e^*=;„ra— 
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nascap  with 
and  the  effects  of  active 


particular 
control . 


emphasis 


on  boom  perturbations 


appendix  a.  ELECtRON  BACKSCAtTER 


of. Burke  (ref.  6)  to  obtain  a^for- 

isotropically  incident  elect^oiS  Is  ^®®^®®®tter  coefficient  fSr 

Hi  = 0.475  z°-^'77  _ 

normal  incidence,  n^,  ie  then 
2 


(Al) 


Hi  = 2[1  - n^d-An  n )]/(in  n ) 

O 


bachscatter  c^ 


(A2) 


n(0)  = Hq  expf-(An  n^) 
The  energy  dependence  (ref. 

= Y(e)  (n^  + 0.1 


(1  - COS0)] 

4)  is  then  taken  to  be 
exp (-e/5) ) 


Y(e)  = { An  (20  e)/£n  20 

1 

where  e is  in  keV. 


e < 50  ev 

50  eV  < e < 1 keV 

e > 1 keV 


(A3) 

(A4) 


(A3)  to  calculate  the‘^reL5Snt''bac)!scittlr^^^^ 
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GRlDDED*SJsw*Stt  ®'^*’**  OEOMETRICAL  PEATORES  TO 


Zone  Size  - 4.54  in.  (1I.5  cm) 


Itcidius 

Heigfht 

Solar  Array  Height 
Bellyband  Height 
SC9-1  Ejcperimetit 
SC6-1  Boom 

Surface  Area 
Solar  Array  Area 
Forward  Surface  Area 


SCATHA 

33.6  inches 

68.7 
29 

11.3 

9.2  X 6 X 8 

1.7  (radius) 

118  (length) 

2.16  X 10^  sq.  in. 

1.23  X 10^ 

0.36  X 10^ 


MODEL- 

32.0  inches 

68.0 

27.2 
13.6 

9.1  X 4.5  X 9.1 

1.7 

113.2 

2.11  X 10^  sq. 

1.15  X 10^ 

0.34  X 10^ 
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GOLDi 

SOLAR: 

WHITEN: 

SCREEN: 

VELOWC: 

GOLDPD: 

BLACKC: 

KAPTON: 

SI02: 

TEFLON: 

INDOX: 

YGOLDC: 

ML12: 

ALUM: 

BOOMAT: 


table  2.  bxbosed  sorpace  materials 

gold  plate 

solar  cells,  coated  fused  silica 
non-conducting  white  paint  (STM  K792) 

roate^iirShich^^bsorbs  bSt^^Soe^”^  fictitious 
charged  particler  ® ^ ^ ®"»it 

conducting  yellow  paint 

88  percent  gold  plate  w-s^-h  lo 

black  paint  (STM  K748)  in  a conductii 

in  a polka  dot  pattern 

conductive  black  paint  (STM  K748) 
kapton 

Si02  fsbric 
teflon 

indium  oxide 

ties  of  the  several  i Pi^oper- 

faces  several  materials  on  the  ML12  sur- 

aluminum  plate 

platinum  banded  kapton 
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-ABLE  3.  (Continued) 


51 

The  materials  are  described  in  Table  2. 

Appendix  A^for^fSrth^^detaiU)  Reference  4 and 


Property  1: 
Property  2: 
Property  3: 

Property  4: 
Property  5: 

Property  6: 


<^ielectric  constant  for  insula- 
tors (dimensionless) . nsuia 

Thickness  of  dielectric 

(meters) . °i®^ectric  film  or  vacuum  gap 

surfaci!  vacuum  gap  over  a conducting 

Atomic  number  (dimensionless). 

Maximum  secondary  electron  yield  for  elec- 
sinless)!  incidence  (dimen- 

yieTrat®io?mnr  ®"®n’^  maximum 

y exa  at  normal  incidence  (keV) . 


Propeciiea  ,-io=  Han,e  ion  incident  eL™  Bitnec: 


^ Po  P-  . 

Range  = p^e  ® + p^e 

where  the  range  is  in  angstroms  and  for 
the  energy  in  keV, 


Py  “1.  to  indicate  use  of  an  emDij:ixi;ii 
range  formula  empirical 

Pg  = density  (g/cm^) 

^10  = "»ean  atomic  weight  (dimensionless). 

^ ' incident^l®k®5^''°'"  normally 

incident  1 keV  protons, 

^ eleotroryiIld’"?klvK“”  ">®*i"»™  secondary 

Property  13=  ^S°J?-l|«ron^yield  for  normally  incident 

The  dielectric  constant  and  thickness  for-  k 

chosen  to  reflect  the  •=>ffectivp  surfaces  were 

cable  shield.  capacitance  to  the  underlying 


Double 

Single 

Maxwellian 

Maxwellian 

Potential 

-7000  Volts 

-32,000  Volts 

Incident  Electrons 

-4.6 

-2.3 

Resulting  Backscatter 

2.7 

1.4 

Resulting  Secondaries 

.7 

.4 

Incident  Protons 

.6 

.2 

Resulting  Secondaries 

.6 

.3 

cate  the  outer  arid  zonf  i?^;.  lu  axes  indi- 

Of  two  in  sulcelsive  g??ds!  ’ *’’*  <3eore«es  by  a factor 


«n?-7 


}r^r> 


60U)P0 

*V:*V,  HQ2 


SI02 

r I SOLAR 


Figure  4a.  SCATHA  model  with 
exposed  surface  materials  il- 
lustrated. 


L — -"wr-  , 

center  (only  two  of  the^four^rids  are*^olott*’if"®  •through  SCATH 
tours  extending  into  the  aft  lavite  ?«’ 5 “°*=®  *=*>e  con- 
tours from  -450  to  -1250  volts  in  50  voirsteps! 


/V  / 


Figure  8 
center. 
100  volt 
same  in 
near  the 
match  of 


Time  'V/10“3  seconds^^  Plane  through  sc/ 

steps.  The  reUtiie  orJanl"'! • -1200  volts 

later  figures.  The  diSpies^i^^th^  of  the  booms  is  the 
boom  ends  are  artifacts  TQQr»/wi  Potentxal  contours 
potential  interpolation  ?unc?iln"s“ 


figure  9.  Potential  contours  in  a horizontal  plane  1 m below 
SCATHA  center.  Time  ‘vlO"^  seconds.  Contours  irom  -250  to  -1150 
volts  in  50  volt  steps. 


Figure  10.  Potential  contours  in  a horizontal  plane  1 m below 
SCATHA  center  for  a model  in  which  the  booms  have  been  removed. 
Time  'v^lO”^  seconds.  Contours  from  -300  to  -1900  volts  in  100 
volt  steps. 


SC6>1  BOOM 

-J 


reference  band 


time  (sec) 


PI  1 ™ 

SCATHA  t'otential  versus  time  for  two  points 


!i*S  througl 

steps?”"’’''-  from  -2000  to  -7S!o‘‘JoJls”n6o  Jo™ 
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COMPARISON  OP  NASCAP  PREDICTIONS  WITH  EXPERIMENTAL  DATA 

James  C.  Roche  and  Carolyn  K.  Purvis 
NASA  Levis  Research  Center 

SUMMARY 


NASCAP  (the  NASA  charging  analyzer  program)  Is  a three-dimensional,  finite* 
element  computer  code  capable  of  simulating  the  electrostatic  charging  of  an 
arbitrary  body  either  In  a ground  test  tank  or  In  the  space  environment.  The 
code  incorporates  surface  property  parameters  needed  to  simulate  Insulating  and 
conducting  materials.  These  parameters  are  being  updated  as  required  to  bring 
the  NASCAP  predictions  Into  correspondence  with  data  from  ground  tests  conducted 
at  the  Lewis  Research  Center.  NASCAP  predictions  are  also  being  compared  with 
data  from  the  ATS-5  spacecraft.  The  significance  of  these  results  Is  discussed. 


INTRODUCTION 


In  the  past  few  years  the  electrostatic  charging  of  spacecraft  by  the 
charged-particle  environment  has  become  an  area  of  concern  to  both  spacecraft 
designers  and  space  scientists.  This  concern  arises  from  the  statistical  cor- 
relation between  the  occurrence  of  electronic  switching  anomalies  on  spacecraft 
and  the  detection  of  geomagnetic  substorm  conditions  by  ground  stations 
(ref . 1) . The  hypothesis  Is  that  this  hlgher-energy-partlcle  environment 
charges  spacecraft  surfaces  to  a point  where  breakdown  occurs.  The  resulting 
electromagnetic  Interference  Is  picked  up  by  the  spacecraft  electrical  wiring 
and  triggers  logic  circuits,  thereby  causing  the  anomaly.  Experimental  and 
theoretical  Investigations  have  been  established  to  test  this  hypothesis. 

As  usual,  there  are  problems  with  both  approaches*  It  Is  Impossible  to 
simulate  completely  the  space  environment  In  ground  facilities.  The  usual  com- 
promise Is  to  use  energetic  electrons  (2  to  20  keV).  Purely  theoretical  methods 
have  been  restricted  to  simplified  cases  Involving  equilibrium  conditions  or 
symmetrical  geometry.  A generalized  digital  computer  simulation  has  a different 
set  of  strengths  and  weaknesses  and  could  be  used  to  complement  both  experiment 
and  theoretical  analysis.  Clearly  an  analytical  tool  Is  needed  to  aid  In  the 
understanding  of  electrostatic  charging  phenomena. 

Generalized  digital  computer  simulations  have  been  used  In  the  past  to 
solve  complex  body  Interactions,  for  example,  thermal  and  structural  analyzer 
computer  codes  such  as  SINDA  (ref.  2)  and  NASTRAN  (ref.  3).  The  NASA  charging 
analyzer  program  (NASCAP)  Is  a fully  three-dimensional,  Cartesian  finite- 
element  code  with  no  symmetry  or  equilibrium  restrictions.  By  taking  time 
steps  in  a quasl-statlc  manner,  it  can  simulate  the  charging  history  of  a gen- 
eral object  either  in  space  or  in  a test  tank.  However,  the  primary  weakness 
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=.-=;:r 

Charging  current  w the  egulllhrluB,  the 

incoming  and  outgoing  currents  The  difference  between  relatively  large 

as  an  backaeattellng?  sSari  eSaeJo?  T'““  “*  “>  “«h  p?ec^|! 

t^e  procasaes  used  in  MASCAP^jere  derived  »* 

ter  values  for  five  common  spacecraft  literature.  Parame- 

hree  Insulators)  are  Included  in  the  code,  ^ (two  conductors  and 

slmplft'^rSpeSJ^  ® 

comparisons  are  made  between  the^Dredl?^^^  ^ spacetraft* 

“aft  structure.  It  is  Sro^h  PotentUls  of  the 

huilt  up  in  other,  uore  cooler.  SplSionToflrcJS:'  •>* 


NASCAP  CODE  DESCRIPTION 


“JSnlnr'er^S'o'r^''*”®  afadatio.  that  is 

Uboratory?  M^v^u'SscSpSorof'rt  ‘^“d‘“°  “ "he"”?".";  olHph^Jcr 
la  reference  4.  a detailerSZLjsL'  oJ  i-f ““  aepebillttes  is  gi[^« 
«ce  5.  fbe  structure  of  the  sofcare  itself  ?e’'d^s:v^^:^L^^?aI^i^‘rSf^' 


finugiram  Clements 

vey  to  ProvidrbnSLand*'inforaSl^n^^^^^  Intended  only  as  a brief  sur- 

chart  in  figure  1.  nrormatlon  for  this  paper  and. is -keyed  to  the  flow 

grounf^St"?Sk  S^IpIcI?"  ’For°tL°fr^und^test  i®  specified: 

Mnputational  grid  ie  grounded  and  an  electron  f**a  outer  boundary  of  the 

density  pattern  is  ataitl  along  the  cLtrere^.  S °*  f “'Wtrary  current- 
environment  is  specified  at  tho  ®^ls.  For  the  space  mode,  a nlasma 

arbitrary  diatri^utiST*  ?.r  eUh« "as^L:  P”'  !h.„eSla:  Sr  aT 

cldent  solar  illumination  is  speclflS!  «*i'®e*--lon  and  magnitude  of  the  In- 

^Jacent  toit  are  divided^lnto^’a^^LbL^’of'^vol^^  and  the  space  immediately 
Inner  grid)  from  16x16x16  to  16x16x32  THp  cells  (referred  to  as  the 

ceUa  and  such  portions  of  these  cellZ  as  can  is^s«uc1ed 


either  ^e^coJered^wlth  orinsulatlnfi^fll  each  of  wbleh  can 

grids  (fig.  3)  1q  specified  each  nf  bare.  The  number  of  nested 

teablutlon  of  the  next  Inner  arid  Par  bas  twice  the  slxe  and  half  the 

stids  W0UX4  Mntaln  from  13  000  to  26  OorSjoJo^loitSnotate/*” 

witetl»orod«ranS'M^^n,-ii  intJu“p?tmtl»l  «“*  ot  the 

face  cell  Is  computed.  ^ tentlal,  the  Incident  flux  to  each  sur- 

lumlnlTlon  Percentage  of  11- 

surface  cein*the°backscatteri!lg  feco  d”°””  and  photon  fluxes  on 

computed.  Surface  materials  and  thSr  Photoemlsslon  are 

using  the  following  list  of  parameters  (tSle  ijr  modeled  by 

(1)  Relative  dielectric  constant 

(2)  Thickness  of  dielectric  film 

(3)  Electrical  conductivity 

(4)  Atomic  number 

(5)  oocondaty-eloctron  yUlO  lot  eUe„on  lopact  at  „ot»l 

«)  PrWy-eloctron  anargy  to  ptoduca  aaal™.  ytald  at  no»al  lacldanca 

(7-10)  Pour  empirical  parameters  for  use  in  a dn  ki 
paoatratlon  dapth  o(  laaldant  alacw^a 

(11)  Saaondary-alactroa  ytald  for  normally  faafdaat  l-keV  protons 

(12)  Proton  anargy  to  produca  narln.  sacondary-alectron  ylald 

(13)  Photoaleatron  yiald  for  normoUy  Incident  aunXlght 

Hie  etomlc  number  Is  •!«  ^ ^ • 

^so»  if  required*  in  the  Feldman  rMge^fomulf  electrons  and 

range  is  used  in  the  computation  nf  of  (table  I,  footnote  c).  The 

vnfnea  of  aU  thaaa  P«SaP?o?  elactiona.  Tha 

tha  K66C6P  coda  arc  gfvan  fn  iTlTdT 

“d  Usan^d  to  h*ld°coMiant^TOPn^“tlM^'°  “H  1»  datemlned 

dated  charge  pattern  over  the  aurfaca  of  thPlar^jac?*" 
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ob1eet^^:^^;:rT7^*  " updated  charge  pattern  on  the  surface  of  the 
ouJrJh«  “®!®  ® conjugate  gradient  iteration  method  to  con- 

potentials  can  now  be  used 

to  compute  new  fluxes  to  each  cell  for  the  next  time  step. 

OPERATING  CONDITIONS 

regarding  the  computer  running  time  for  these 
aw  13  «!’  f**®  example,  has  22  000  grid  points  and  required 

oiri  nLlTi  ^^  computer  time  for  each  potential  Iteration.  NASCAP  prints 
i measure  of  convergence,  and  it  is  possible  to  inspect  this  pa- 
^ ^'*‘**®  5**®  appropriate  number  of  iteratlous  for  each  time  step.  *^A 
tl^?  adjusting  the  number  of  iterations  so  that  the  poten- 

code  ThrieLJh  IT^  specified  accuracy  is  being  incorporated  iSto  the 

eoSin.» 5 accuracy  could  then  be  selected  ac- 

physical  situation  with  the  knowledge  that  the  number  of  poten- 
tial iterations  will  adjust  itself  to  meet  these  constraints. 

K-  space-mode  calculations  the  current  version  of  NASCAP  is  capable  of 

spacecraft  that  are  three-axis  stabilized  or  slowly  st>ihning.  A 
rapidly  spinning  spacecraft  in  sunlight  is  difficult  to  simulate.  This  case  is 
i cussed  in  more  detail  in  the  section  Summary  of  ATS-5  Comparison.  A method 

stmt  bll?!  Illation  to  the  appropriate  ceUs  on  a con- 

c^l  ta  sraliSt^*  Incorporated  Into  the  code  to  handle  rapidly  splnnlnis  space- 

COMPARISON  OF  NASCAP  PREDICTIONS  WITH  GROUND-TEST  DATA 

In  ground- test- tank  experiments,  material  specimens  are  exposed  to  the 
fw  electron  gun.  Therefore  only  those  properties  of  the  material 

that  are  related  to  electron  impact,  such  as  backscattered  electrons  and 

relevant.  Comparing  NASCAP  predictions  with 
- - weuld  then  verify  the  electron- Impact  material  parameters.  This 

proton  impact  yet  to  be  evaluated.  This  could 
be  accomplished  by  space  flight  data  comparisons. 


Procedure 

««  A The  test-tMk  experiments  used  for  comparison  with  NASCAP  predictions  were 
conducted  in  a 2-meter-dlameter  vacuum  chamber  at  the  Lewis  ResLrch  Cew 
Flat  teat  specimens  were  irradiated  with  an  electron  beam,  and  their  surface 
feci®!r/®'?  “onltored  with  a field-sensing  probe  that  scans  across  the  sur- 
intervals  at  a distance  of  3 millimeters.  Before  each  experl- 
specimen  was  Ischarged  with  a plasma  source.  This 
facility  end  its  instrumentation  are  described  in  detail  in  reference  7. 
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The  NASCAP  model  of  this  facility  is  shovm  in  figure  3.  The  cylindrical 
tank  is  modeled  by  the  square  cross-section  of  the  third  and  outer  grid,  which 
is  truncated  at  each  end  to  the  correct  length.  There  are  a total  of  approxi- 
mately 22  000  grid  points  in  this  relatively  simple  model.  The  test  specimen 
has  a cross-section  of  15  centimeters  by  20  centimeters  and  is  located,  as 
Shown,  in  the  inner  grid.  The  resolution  in  the  test  specimen  is  2.5  centl- 
Sfcrlo‘4  electron  beam  is  aimed  along  the  central  axis  of  the  tank.  Since 
NASC^  is  capable  of  modeling  an  arbitrary  current-density  pattern,  data  from 
an  electron  gun  calibration  were  Inserted  into  the  code.  After  a slight  beam 
curvature  - caused  by  the  magnetic  field  of  the  Earth  - is  allowed  for,  the  gun 
current-flux  profile  is  taken  to  be  that  which  would  produce  the  measured 
currmt-denslty  pattern  in  the  plane  of  the  test  specimen  before  any  charging. 
As  the  specimen  charges,  the  current-density  pattern  spreads,  but  the  flux  prd- 
iiie  at  the  gun  remains  constant. 

Tests  were  conducted  on  the  following  types  of  specliLens:  bare  aluminum 

baseplate,  silvered  Teflon  (0.127  mm  thick),  two  types  of  thermal  blanket,  and 
a solar-array-se^ent  module.  The  thermal  blankets  both  consisted  of  a surface 
layer  of  Kapton  (0.127  mm  thick)  over  multiple  layers  of  silvered  Mylar  that 
were  grounded  to  the  baseplate.  The  blankets  differed  only  in  the  technique 
used  for  grounding  the  Mylar  layers.  The  aluminum  baseplate  was  grounded  for 
all  tests  except  the  first,  in  which  it  was  left  bare  and  ungrounded  so  that 
s ng  potential  could  be  measured.  Each  specimen  was  irradiated  with  a 

beam  h^ing  a nominal  central  density  of  1 nA/cm2  as  measured  with  a Faraday 
cup.  The  beam  accelerating  voltage  was  set  at  5,  8,  10,  and  12  ksV  for  each 
specimen. 


a.  Silvered  Teflon  was  modeled  as  a plain,  0. 12 7-mlllimeter- thick  layer 
ot  Teflon  since  it  was  bonded  to  the  baseplate  with  the  silvered  side  against 
the  plate.  Both  thermal  blankets  were  modeled  as  a 0. 127-milllmeter-thick 
layer  of  Kapton  since  this  was  the  composition  of  the  top  layer  of  both  blankets 
and  the  metallized  layers  underneath  were  grounded.  The  solar-array-segment 
module  was  modeled  as  a 0.203— millimeter— thick  layer  of  silica. 


Summary  of  Ground-Test  Comparisons 

Surface  voltage  profiles  for  the  test  samples,  resulting  from  electron 
bombardment,  were  compared  with  the  NASCAP  predictions  by  using  the  available 
literature  values  for  electron- impact  material  parameters  (table  I).  The  re- 
sults are  summarized  here. 

y.uminum.  - The  NASCAP  comparison  indicated  that  the  aluminum  test  surface 
was,  in  reality,  an  aluminum  oxide  surface.  Using  literature  values  for  the 
material  properties  of  aluminum  oxide  Instead  of  pure  aluminum  resulted  in  ex- 
ce  lent  agreement  (fig.  4).  Since  no  special  precautions  were  taken  to  prevent 
oxidation  of  the  aluminum,  it  Is  reasonable  to  assume  that  the  test  surface  was 
aluminum  oxide. 

Only  the  steady-state  potentials  were  compared  for  this  specimen.  To  com- 
pare transient  surface  voltages,  the  NASCAP  cule  requires  a value  for  the 


148 


capacitance  between  the  electrically  floating  olumlnum  plate  and  ground.  This 
capacitance  value  was  not  available. 


Silvered  Teflon.  - The  steady-state  NASCAF  predictions  for  silvered  Teflon 
are  In  excellent  agreement  With  the  test  data  (fig.  5).  The  transient  voltage 
predlatlonS  are  In  fair  agreement  but  seem  to  lag  consistently  behind  the  ex- 
perimental charging  data. 

Aluttinlzed  Kapton.  - Both  the  steady-state  and  transient  predictions  for 
aluminized  Kapton  are  In  good  agreement  with  the  limited  test  data  (fig.  6). 

Solar-array  segments.  - There  are  significant  discrepancies  between  the 
predictions  and  the  teat  data  for  solar-array  (silicon  dioxide)  segments 
(fig.  7).  The  difficulty  here  could  be  similar  to  that  which  was  experienced 
with  the  bare  aluminum  plate.  The  solar-array  cover  slide  that  was  tested  had 
a coating  of  an  antlreflectlVe  compound*  but  the  parameters  In  table  I were  de- 
rived for  pure  silica.  This  case  Is  still  under  Investigation*  and  parameter 
adjustments  will  be  made  when  additional  data  are  available. 


COMFARISC'*  of  NASCAP  predictions  with  ATS-5  DATA 


The  spacecraft  that  was  selected  for  comparison  with  the  NASCAP  code  was 
the  ATS-5.  This  spacecraft  carries  a particle  analyzer*  and  thus  there  is  a 
ioj^ge  amount  of  Information  available  concerning  Its  charged— particle  environ- 
ment. It:  formation  on  the  spacecraft  itself  and  its  Instruments  is  given  in 
reference  8.  Data  from  its  particle  analyzer  have  been  reduced  and  fitted  to 
a double  Maxwellian  model  (ref.  9). 


Procedure 

The  NASCAP  model  of  the  ATS-5  Is  shown  in  figure  8.  The  cylindrical  outer 
surface  of  the  spacecraft  is  modeled  as  an  octagon  with  a central  region 
covered  with  Teflon  and  end  regions  covered  with  silica  to  simulate  the  solar 
array.  The  cavities  at  each  end  are  covered  with  Teflon.  Since  about  10  per- 
cent of  the  solar-array  area  consists  of  exposed  metallic  Interconnects, 

10  percent  of  the  surface  cells  in  the  solar-array  regions  have  been  left  as 
exposed  aluminum.  There  are  880  surface  cells  In  this  model.  The  environment 
was  simulated  by  a single  Maxwellian  approximation  with  a density  of  1 parti- 
cle per  cubic  centimeter  and  a temperature  of  5 keV  for  both  species.  These 
values  are  typical  of  much  of  the  actual  data. 


Summary  of  ATS-5  Comparison 

First*  eclipse  conditions  were  simulated  by  using  parameters  from  table  I. 
This  resulted  in  a spacecraft  ground  potential  of  approximately  -2300  volts, 
which  did  not  agree  with  the  flight  data.  However*  the  simple  expedient  of 
halving  the  secondary  yields  due  to  ion  impoct  on  the  Teflon  and  the  sllira 


(which  are  not  well-knowit  values)  produced  a spacecraft  ground  potential  of 
-3800  volts,  a figure  that  was  actually  measured  dn  the  spacecraft  several 
times  under  similar  environmental  conditions.  Figure  9 shows  potential  con- 
tours in  the  charged  condition  (spacecraft  ground  at  -3800  V). 

The  ATS-S  rotated  at  76  revolutions  per  minute.  As  noted  earlier,  a rapid 
spin  rate  presents  a practical  simulation  ptobleih.  NASCAP  models  the  rotatloii 
by  changing  the  8un  angle  and  recomputing  the  shadow  pattern  at  each  time  step. 
For  this  to  be  a realistic  simulation,  there  should  be  at  least  10  time  steps 
pet  revolution,  or  approximately  80-mlllisecond  time  steps.  Although  absolute 
charging  occurs  In  a matter  of  seconds.  It  takes  many  minutes  for  the  differen- 
tial charging  pattern  to  fully  develop.  This  would  lead  to  a prohibitive  num- 
ber of  time  steps. 

If  the  spin  rate  is  reduced  so  that  larger  time  steps  can  be  taken,  another 
problem  Is  encountered:  saddle-point  formation  (ref.  10).  This  saddle-point 

formation  results  from  a field  distribution  around  the  satellite  that  effec- 
tively reduces  photocurrents  from  the  Illuminated  surfaces.  This  limits  the 
NASCAP  treatment  of  rapidly  spinning  spacecraft.  This  constraint  will  be  alle- 
viated In  future  modifications  of  the  code. 

A simulation  of  a stationary  ATS-5  model  in  the  sunlight  was  run  for 
qualitative  comparison  only.  The  resulting  potential  contours  are  shown  in 
figure  10  and  seem  to  be  reasonable.  The  simulation  indicated  a ground  poten- 
tial from  -400  to  -500  volts.  Flight  data  from  the  spinning  ATS-5  have  shown 
ground  potentials  near  zero  volts  in  the  sunlight.  Therefore,  it  seems  plausi- 
ble that  a stationary  ATS-5  that  is  having  a fraction  of  its  electron  emission 
suppressed  by  a saddle  point  on  its  sunlit  side  would  develop  such  negative 
potentials. 


CONCLUDING  REMARKS 


The  work  described  herein  demonstrates  that  the  NASCAP  code  generates  re- 
sults that  are  in  reasonable  agreement  with  available  ground-test  and  space- 
craft data.  Ground-test  results  reveal  that  better  material- property  values 
are  needed  for  the  five  common  materials  currently  implemented  in  the  code. 
Altering  the  values  of  the  code  parameters  is  a simple  task,  and  the  code  is 
structured  so  that  even  the  models  of  the  processes  could  be  changed  without 
disrupting  other  areas  of  the  code.  Also,  a methodical  system  for  altering  the 
values  of  the  code  parameters  in  response  to  experimental  data  is  clearly 
needed . 
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Figure  3.  • Test*tank  model,  ir/imenslons  are  in  meters,  i 


TIME,  min 

Figure  4,  - Surface  witage  profile  Ibr  alumlnutn. 


(c)  10-Kilovolt  beam. 


(d)  12-Kilovolt  beam. 

Rgur«  7.  - Surfaci  voltage  profiles  for  solar-array  (silicon  dioxide)  segments 


Figures.  - NASCAP  model  of  ATS-5. 
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SPACECRAFT  CHARGING  RESULTS 


for  the  oscs-iii  satellite 


iii(.naei  j.  Massaro  and  Dale  Lina 
General  Electric  Space  Division® 


abstract 


< 


a severe  9eoinaJnetiriubftom“^%acw  OSCS-lii  satellite  for 

quadrant  of  geomagnetic  substorm^durln^thi  under  the 

F ,e‘  r olL? 

discharge 

dre  discussed  es  we„  as  ™,ue, 


INTRODUCTION- 


M^n"?  fff  of  a spaceccaft 

o?3s:i 

surflM^°ch5®^  whereby  th^wtlr  Spacecraft  charging 

aifferentlal  potentials  at  which  electmcfa^-^f  surfaces  can  achieve 

owever.  at  present,  only  the  steady-state  ^lutljns 
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ftrTto’s  maln-fraine  computer  time 

- ® 3 IflInutSS  of  fronsloot  rosulfs  vorsus  5"10  soconds  of  ina1n»fr*ninA  flma 

Steady-stato  solution).  The  E^AP  co^r^tilizes  rJJ^eSi^  theory 

spacecraft-to-enviromnent  Interaction  is^'^ 
rent  sourceHijn?frSBf”J^!J®k^^®  charged  particle  environment  as  equivalent  cur- 
efuivalenTciSSil  li^^^  spacecraft  by  its  electrijalfr 

raodel^inrinSir^a  plasma  charging  phenomenon.  The  charging 

sun/earth/spacecraft  orbit  model  that  simulates  the  sun  lllumi- 
n«ton  eonditlous  of  the  spacecraft  outer  surfaces  throughout  the  g»s“chro"ls 

Changes  to  decrease  the  computer  time  needed  to  execute  a steaUv. 
state  solution  are  discussed  as  well  as  Improvements  In  the  oiSsto  lurIZt 

addition,  the  variation  of  S/C  charging  differential 
presented!  * function  of  the  secondary  electron  emission  coefficient  is 

4c  ^s  organized  as  follows.  First,  a brief  descriotion  of  f^jpap 

IL  ^5®  for  the  DSCS-III  satlllitra?e  Presented 

oerfinont^  a description  of  its  material  and  geometric  configuration  and  the 

SroSMlKiE]®""*?  parameters  used  in  the  awlysis?  Nelt  ESD 

probabilities  of  occurrence  are  derived  and  lastly,  the  ESCAP  *codo 
improvements  are  discussed.  ^ 


SPACECRAFT  CHARGING  MODEL 


r-haw.4.^!?k  charging  model  can  best  be  described  in  terms  of  the  flow 

chart  shown  in  figure  1.  The  ESCAP  code  consists  of  four  separIC  JlodeU:  a 

solar/earth/orbital model,  a S/C  geometrical  model;  and  a 

plasma  model  represents  the  charoino  and 
discharging  mechanism  of  the  ambient  plasma  with  Respect  to  the  spa«J?Ift  bv 

u ® ^u^i^sy  distribution  functions,  constitute  the  forcing  functions  of 

a?l  aSs!Imld^rhaipTcr°r^*  P^®sma  <,«nerated  current  source! 

2i7h  ^ 0"'"^ directional  Maxwellian  energy  distribution 

distribution  plasma  representation  as  well  as  field-aligned  fluxes  The 
approach  to  accomplish  this  is  discussed  in  a later  section. 

The  electrical  model  defines  the  lumped  element  equivalent  circuit 
representation  of  the  spacecraft  surfaces  with  respect  to  the  electrostatic 
form^^thp*^noll^i'?"°"*  P^^sma  model  and  electrical  model  are  combined  to 
loriTi  spacecraft  charging  equations.  The  spacecraft  geometrical 

spacecraft  outer  surfaces  in  terms  of  approximate  olanar 
surfaces  and  curved  surface  projections  and  defines  the  vertices  of  all  olanar 

solar/earth/o-bita?^m!del^  spacecraft  reference  coordinate  system.  The 

respect  ^to  ^^the^  sim  the  spacecraft  with 

respect  to  the  sun  and  the  earth.  The  geometrical  model  and  the 
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solar/earth/orbital  model 
ilium, nation  conditions 
position. 


are  combined  to  determine  the  variation  of  the  sun- 
of  the  outer  surfaces  with  respect  to  orbital 


To  complete  the  modeling,  the  surface  material  properties  and 
configuration  are  defined.  The  surface  material  properties  that  are  most 
important  in  a spacecraft  charging  analysis  are  the  relative  dielectric 
constant;  the  variation  of  the  surface  resistivity  with  respect  to  electrical 
stress  level:  and  the  variation  of  the  bulk  resistivity  with  respect  to 
electrical  stress  level.  The  material  configuration  definition  describes  the 
location  of  the  various  thermal  blanket  and  surface  coating  materials. 

A more  detailed  description  of  the  program  is  given  in  reference  1. 


MATERIAL  AND  GEOMETRIC  CONFIGURATION 


DSCS-III  is  a three-axis  stabilized  spacecraft  operating  in  a 

geosynchronous  orbit.  The  spacecraft  has  two  nineteen  beam  transmit  multiple 
beam  antennas,  a sixty-one  beam  receive  multiple  beam  antenna,  two  earth 
coverage  receive  antennas,  two  earth  coverage  transmit  antennas,  a gimballed 
dish  transmit  antenna  (GDA,,  and  a receive  antenna  and  a transmit  antenna  for 
the  Single  Channel  Transponder  (SCT).  The  main  body  of  the  spacecraft  is 
almost  cube  shaped  with  the  approximate  dimensions  shown  in  figure  2.  Also 
shown  in  figure  2 is  the  outer  thermal  blanket  material  and  coating 
configuration.  A summary  of  the  thermal  blanket  material  properties  and 
J"  S’''®”  table  1.  To  prevent  the  fiberglass  structural  parts  of 
the  SCT  antennas  from  becoming  a source  of  ESD,  the  fiberglass  si  rf aces  were 
coated  with  conductive  Indium  Tin  Oxide  (ITO).  The  thickness  of  the  conductive 
coating  was  chosen  to  promote  a gradual  depletion  of  the  surface  charge  to  the 
structure  with  minimal  effect  on  the  RF  performance  of  the  SCT  antennas.  From 
similar  coating  processes  it  has  been  found  that  a minimum  total  surface 

k!  expected  for  ITO.  The  bulk  resistivity  values 

listed  in  table  1 are  the  values  measured  at,  a low  voltage  level;  however,  the 

actual  bulk  resistivity  characteristics,  i.e.,  bulk  resistivity  as  a function 
of  the  potential  across  the  material,  were  employed  in  the  analysis.  A sunmiary 
of  the  areas  of  the  outer  thermal  blanket  materials  and  coatings  is  given  in 
table  2.  The  amount  of  exposed  structural  metal  is  also  listed  as  well  as 
those  surfaces  that  are  never  exposed  to  direct  radiation  from  the  sun,  i.e.. 
the  permanently  shadowed"  areas. 


PLASMA  PARAMETERS  AND  SPACECRAFT  CHARGING  EQUATIONS 


Recently  there  has  been  considerable  effort  to  refine  and  expand  the 
plasma  substorm  environmental  data  base,  that  is,  the  diurnal  variation  of  the 
parameters  that  characterize  the  plasma  substorm  particle  density  and  energy 
distributions.  In  particular,  the  Air  Force  Geophysical  Laboratories  (AFGL) 
has  established  a computer  based  plasma  substorm  parameter  data  file  (ref.  2) 
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coefficient  for  protons  Incident  to  a dielectric  surface*  and  a Is  the  sun 
aspect  angle  for  the  dielectric  surface. 

The  above  equation  must  satisfy  the  following  condition 


1 If  s = +1  and  V > U;  otherwise  leave  unchanged 


1 if  s = -1  and  VlO;  otherwise  leave  unchanged 


The  sun  aspect  angle*  o , is  the  angle  between  the  sun-line  and  the  surface 
normal  vector  and 


!cos  a 
0 


for  I « I <ir/2 

for  i a \2*f^  (self -shadowing  conditions) 


The  positive  current  flowing  into  the  metallic  structure  is  (see  ref.  1) 


-V/T„/  -V/TA 

V/T./  -V/T.  \ 

(W  '-ijanV/Tj) 


'MT''eo* 


i=l 


where  equations  (2)  and  (3)  hold  for  the  above  equation  and  A^-r  is  the  total 
exposed  metallic  area,  is  the  exposed  area  of  the  i'”  metalnc  surface,  m 
is  the  total  number  of  exposed  metallic  surfaces,  ^ is  the  sun  aspect  angle 
for  the  i^  metallic  surface,  f is  the  secondary  electron  emission 
coefficient  for  protons  incident  to  a surface,  metallic  f is  the  secondary 
electron  emission  coefficient  for  electrons  incident  to  a ®llletallic  surface, 
and  the  following  holds  for  the  small  area  correction  terms 


(5) 


(1  + V/Tp)  = 

(1  +|V/Tj)  = 


(1  + V/Tp)  for  V-0 
I for  V<0 

0 + |v/Tg[)  for  V<0 

1 for  V>0 


(6) 


phenomenon  was  derived  in  referonro  electrostatic  charginq 

state  spacecraft  chaJJfrg  e,ua«onT“r  the  eJL?  The  stel*? 

given  by  » » m anuns  ror  cne  simplified  circuit  of  figure  3 are 


''l  -»o 


Vf'',  - \r  ‘ 


''r.  - V„ 

n 0 


“n  <\  - U 


I„  O'  ) 

n n' 


1,  = 0 


(7) 

(8) 


isf2te^".s?  

plasma  and  Photoemission  generated  current  sou^rp  °i  « corresponding 

of  equation  (1).  The  spacIcran  strSaurfha?  ^^®  9®"®""^ 

volts  and  I is  the  olLma  absolute  potential  of  V 

exposed  TO?allic  surfaces  and  is  g?veJ^by°eq2at?o?^U)^ 
in  general,  will  be  non-linear  since  the  le^kanr 

functions  of  stress  level  (v.  - v^l  and  th^  are  non-linear 

functions  of  stress  level  also  i e Plasma  currents  are  non-linear 

*«•  also,  i.e.,  voltage  dependent  current  sources 


with  different  maLriairand  with^diffllien^  surfaces 

the  number  of  surfaces  with  difflrln?^  ^^'’‘^^i^ions,  i.e., 

spacecraft  reference  coord^i^ate  vsteT  tSp  respect’to  th^ 

Simultaneous  nonlinear  equations  is"'5i1?issId^n%°’lJu^^  " 
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SPACECRAFT  CHARGING  RESULTS 


Spacecraft  charging  results  were  obtained  for  the  peak  of  the  winter- 
solstice  and  fall -equinox  orbital  periods  for  a severe  substorm.  It  was 
assumed  that  the  plasma  substorm  had  a duration  of  nine  hours  starting  at 
23:00  LT  and  ending  at  8:00  LT.  The  extremes  of  spacecraft  response  are 
obtained  during  these  two  orbital  periods.  For  example,  during  equinox  the 
spacecraft  will  experience  eclipse  conditions  (total ‘-Shadowing)  and  the 
spacecraft  structure  achieves  Its  highest  negative  potential;  whereas  during 
winter-solstice  the  spacecraft  structure  achieves  Its  lowest  negative 
potential.  The  latter  condition  results  from  the  fact  that  the  South  Panel  has 
more  exposed  metal  than  the  North  Panel  and  that  during  winter-solstice  the 
South  Panel  Is  Illuminated  by  the  sun.  The  OSR  coverglass  material  exhibited 
the  greatest  steady-state  potential  difference,  I.e.,  the  putentlal  difference 
between  the  outer  surface  and  the  spacecraft  structure.  The  steady-state 
potential  differences  of  the  above  material  as  well  as  the  absolute  potential 
of  the  spacecraft  structure  during  a severe  substorm  are  listed  In  tables  4 
and  5,  for  fall-equinox  and  winter-solstice,  respectively.  It  can  be  seeen 
from  these  tables  that  the  spacecraft  structure  achieves  a maximum  negative 
absolute  potential  of  -14  kV  during  eclipse  and  a minimum  negative  absolute 
potential  of  -170  V during  winter-solstice.  The  OSR  coverglass  material 
achieves  Its  greatest  potential  difference  during  winter-solstice.  The 
steady-state  absolute  potentials  of  all  of  the  spacecraft  outer  surfaces  for  a 
severe  substorm  are  shown  in  figures  4 and  5 for  fall-equinox  and  winter- 
solstice  at  8:00  LT,  respectively. 

A summary  of  the  maximum  steady-state  potential  differences  achieved  by 
all  of  the  outer  surfaces  during  the  fall-equinox  and  winter-solstice  orbital 
periods  is  listed  in  table  6.  It  can  be  seen  from  table  6 that  the  OSR 
coverglass  achieved  the  highest  steady-state  potential  difference,  5200  volts. 
Because  of  the  potential  differences  attained  by  the  OSR  coverplass,  this 
material  may  be  a possible  source  of  ESD  and  the  OSR  coverglass  material  will 
be  the  only  steady-state  source  of  ESD  during  a severe  substorm.  Electron 
bombardment  tests  of  this  material  have  indicated  that  low-level,  observable 
discharges  will  occur  at  potential  differences  oh  the  order  of  7 kV.  In  order 
to  assess  the  effects  of  the  ESD  produced  by  the  OSR  coverglass  on  the 
perfonnance  of  the  DSCS-III  system  both  the  radiated  ESD  field  levels  and  the 
rate  of  ESD  had  to  be  determined.  Measured  values  of  the  magnitude  of  radiated 
ESD  fields  are  presented  In  reference  3 and  an  estimate  of  the  probabilistic 
occurrence  rate  of  ESD  Is  derived  in  the  following  section. 

Finally,  It  should  be  mentioned  that  the  above  spacecraft  charging 
analysis  considered  only  the  steady-state  potential  differences.  It  Is 
possible  for  the  solar  array  coverglass  to  produce  ESD  because  of  transient 
potential  differences  between  the  coverglass  and  the  spacecraft  metallic 
structure.  However,  these  discharges,  if  any,  will  be  produced  only  during 
severe  substorms  and  only  when  the  spacecraft  enters  and  exits  eclipse. 


£sd  probabilities  of  occurrence 


coverJl«r‘1''.™i.‘^friI'''’®  probabttiues  of  occurrence  of  ESO  from  0« 

wuh%,e‘ct4iri«^c 

1 ?L?  I"®  an  accelerating  potential  of  20KeV  and  a density  of 

Sis“oW"— 

s“unS  S-3  Arm 

leacn  se<.tion  consisting  of  hundreds  of  celi«  of  nw  niaee\ 
coverglasse  Thus,  the  probability  of  k discharges  In  At  secoJds^ls  ^ 


P(k)  = 


■(:) 


pV^ 


(9) 


ofMc?!ons'of“®'’5lair’2i''  fis  5™labi]?t  "“>«'• 


P = 


At 

T 


q = p = 0-p) 


(10) 


;„'ap  rrrairor. 

o"f^-li!Sr!lin  disSaTJel  «cS"rri nraSS  frorioSSin")  it 

r>  / ni-l 

Pr(m-or-more  discharges)  = 1-Pr{ (m-l)-or-less  discharges)  = 1-  P(k)  (n) 

k=0 


Using  equation  (11).  the  ESO  probabilities  of  occurrence  were  romn..forf  fn. 

Mtl  a“r?  p‘?es1Si2;-Triab^]|l!Tcarbe";e^ir^  S ^ 

probability  of  ten-or-more  discharges  occurring  p^  se«nd  ,s  ex?Ufy 
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remote;  whereas,  there  is 
occi""  each  second. 


a high  probability  that  at  least  one  discharge 


will 


dbov6  foriiiul ati 00  it  has  been  assumed  that  each  section  of  OSR 
glass,  independent  of  the  nuiAber  of  cells  per  section  will  Havp  tho  eaiHi, 

Jll1d*lTth.Tu‘!  wH  t«tedr’}hl2*nsu^1l0d*^ 


Variation  of  Differential  Potential  with  Secondary  Emission 

simplified  spacecraft  charging  approach  presented  herein  tho 
coefficients  were  assulned  to  bH  constant  vllue 

!K„  5SS2  “"RE,  srs  ■E4:,rriffi;"£“'Srr 

|.%4  «■  ££== 


ESCAP  Code  Improvements 


Recent  Improvements  have  been  incorporated  in  the  r<;rap  rode  tn 

and  (8Tt*hI  » stea^-sme  Jolnlton"?  “7eq„«?5Ss  ( ) 

and  (8)  the  steady-state  equations  can  be  written  as  hi/ 


(10) 


(11) 
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The  solution  to  this  system  of  equations  can  be  viewed  as  an  optimization 
problem  where  equation  (U),  which  represents  a current  balance  condition, 
must  be  minimized  while  simultaneously  satisfying  the  set  of  n nonlinear 
equations  (10)  which  can  be  considered  as  constraint  equations  on  the  current 
balance  condition.  If  the  structural  potential,  V„,  Is  considered  as  an 
Independent  variable  and  the  n surface  potentials  as  dependent  variables,  then 
for  a given  value  of  V.  (structural  absolute  potential),  a of  each  of  the  n 
variables  Vi,  for  l<1<n,  can  be  found  from  (10)  and  the  validity  of  the 
current  balance  value  can  be  determined  from  (11).  Since  all  of  the  terms  of 
the  left  side  of  (10)  are  well-behaved,  monotonic  functions,  a unimodal  single 
variable  sequential  search  technique  (ref.  4)  can  be  used  to  solve  (10)  for  V4 
when  given  a value  of  V , i.e.,  that  value  of  V.  which  minimizes  (10)  for  1 
given  value  of  V ig  the  desired  solution.  Since  (11)  as  a function  of  V. 
represents  the  sum  of  monotonically  decreasing  or  Increasing  functions,  1i 
also  will  be  a unimodal  function  of  V . Consequently,  a single  variable  search 
technique  Can  also  be  used  to  find  that  value  of  V.  which  minimizes  (11).  This 
value  of  Vq  represents  the  desired  solution.  ° 

The  Fibonacci  sequential  single  variable  search  technique  (ref.  4)  was 
employed  to  minimize  (solve)  equations  (10)  and  (11).  The  total  range  of 
possible  surface  potential  values  was  divided  into  two  regions  and  the  search 
was  conducted  in  one  of  these  two  possible  regions  for  each  surface.  For 
surfaces  with  a positive  or  low  negative  potential,  the  range  of  potential 
values  from  +10V  to  -200V  was  iteratively  searched.  Within  only  twenty-two 
itepations  the  interval  of  uncertainty  was  reduced  to  .007  (a  factor  of  3 x 
10  ).  For  surfaces  with  a high  negative  potential  the  range  of  potential 
values  from  -200V  to  -40,000V  was  iteratively  searched.  Within  only  twenty 
Iterations  the  interval  of  uncertainty  was  reduced  to  3.5V  (a  factor  of  10"’). 
In  the  process  of  solving  equations  (10)  and  (11)  by  this  approach  it  was 

found  that  thOgfinal  net  current  incident  to  the  total  outside  surface  was  a 

factor  of  10  less  than  the  initial  net  current  flow  to  the  spacecraft.  It 
should  also  be  noted  that  the  search  process  produced  the  same  solution  after 
starting  the  search  at  a number  of  different  initial  starting  points;  this 
confirmed  the  unimodality  assumption.  In  addition,  the  code  has  been 
programmed  such  that  it  can  automatically  determine  which  of  the  two  regions 
should  be  searched  for  a particular  surface,  and  the  polarity  of  that  surface. 

Recently  it  has  been  proposed  in  reference  2 that  the  actual  plasma 

particle  current  densities  and  energies  could  be  adequately  represented  by  a 
sum  of  two  or  more  Maxwellian  distributions.  As  can  be  seen  from  the  S/C 

charging  equations  given  previously,  the  form  of  the  equations  can  readily 
accommodate  two  or  more  Maxwellian  distributions  and  associated  parameters.  In 
addition,  field-aligned  fluxes  can  be  Included  by  simply  altering  the  current 
sources,  to  the  particular  surfaces  of  the  S/C  that  are  affected  by  the  field 
aligned  flux.  The  modified  spacecraft  charging  equations  would  then  have  the 
form 


“ t 'ij 

• * 

• * 

V*o  j; 

° t 'ij  + If 


V^-Vq  p 

Wir^)  j 'kj  * If 


(12) 
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Table  2.  Surface  Area  Syhinia ry 


surface 

IDENTIFICATION 

MATERIAL 

AREA  (CM^) 

1.  BACKSIDE 

#S27  SILICA  BLK. 

52,076 

EXPOSED  METAL 

709 

2.  WEST  PANEL 

#627  SILICA  BLK. 

33,264 

EXPOSED  METAL 

842 

3.*  NORTH  PANEL 

#527  SILICA  BLK. 

26,411 

OSR  GLASS 

19,286 

EXPOSED  METAL 

2,486 

4.  SOUTH  PANEL 

#527  SIUCA  BLK. 

48, 174 

OSR  GLASS 

7,200 

EXPOSED  METAL 

2,713 

S.  EAST  PANEL 

#527  SIUCA  BLK. 

33,337 

EXPOSED  METAL 

1 118 

6.  EARTH  SIDE 

#527  SILICA  BLK. 

18.766 

#570  SIUCA  CLOTH 

6 453 

#570/550/581  CLOTH  COMPOSITE 

23, 596 

FIBERGLASS  WITH  ITO 

37 

EXPOSED  METAL 

3,958 

f’- 

SOLAR  ARRAY  COMPOSITE 

116, 968 

J SOLAR  ARRAY 
<®  SUN  SIDE 

[s- 

#527  SIUCA  CLOTH  (YOKE) 

4,843 

fs. 

1 SOLAR  ARRAY 
DARK-SIDE 

CHEMGLAZE  (INCLUDII4G  YOKE) 

122, 649 

11.  PERMANENTLY 
SKADO'VED  AREAS 

#527  SIUCA  BLK. 
FIBERGLASS  WITH  ITO 

8,860 

289 

EXPOSED  METAL 

10,681 

Table  3 


Photoemisslon,  Secondary  Emission  and 
Omnidirectional  Plasma  Parameters 


PARAMETER 

RANGE 

VAEUE  SELECTED 
8 V 

V 

av 

8 V s T S4  V 

a V 

o.a 

'>d 

o.gs  1 

0.70 

0 « tpm  * 1 

0.0 

^pd 

0 8 Ipj  C 1 

0.70 

IKV  8 TJ  6’/.0KV 

3.3KV  (MILD  SUOSTORM) 

S.3KV  (MODERATE  SUBSTORM) 

• 

7.0KV  (SEVERE  SUBSTORM) 

2,dKVg  Tp  ts  10.4KV 

3.0  KV  (MILD  SUBSTOHM) 

6. 8 KV  (MODERATE  SUfiSTORAl) 

0.82  n^om^  ^ no/cm^ 

8. 8 KV  (SEVERE  SUBSTORM) 

3 no/om^  ^ETALS) 

0. 9 nn/om^  (DIELECTRICS) 

0.004ii^/cm^  a J*  O.0nfl/om^ 

l.OnVom^  (MILD  SUBSTORM) 
O.Oni^om^  (MODERATE  SUBSTORM) 
O.SnVcm^  (SEVERE  SUBSTORM) 

2pa/om^  £ Jf.  £28  po/oxn^ 

16.  Spa/om2  (MILD  SUBSTORM) 

lOpa/om^  (MODERATE  SUBSTORM) 

lOp^cm®  (SEVERE  SUBSTOHM) 

ncrniiotrii  « MAXWELLIAN  DISTRIBUTION 

APPROXIMATION  TO  THE  ACTUAL  MEASURED  PARTICLE  DENSITY  AND  ENERGY 
DISTRIBUTIONS.  PAHA.IETEH  VALUES  WERE  SUPPUED  BY  THE  AW  Folcl 
PHYSICAL  LABORATORY.  HANSCOM  AFB,  MASS. 


Table  4.  Surranary  of  Steady-State  Results  For 
A Severe  Substorm  During  Fall-Equi nox 


LOCAL 

TIME 

MATERIAL  WITH  THE  MAXIMUM  POTENTIAL 
DIFFERENCE 

I.V|U  1 IIW/\ 

ABSOLUTE 
POTENTIAL  OF 

OSR  GLASS  ON  NORTH  AND  SOUTH  PANELS 

S/C  STRUCTURE 
(VOLTS) 

23:00 

- 5160 

- 240 

24:00 

(ECLIPSE) 

160 

- 14160 

1:00 

- 5160 

- 235 

2:00 

8 

- 5165 

- 210 

3:00 

- 5165 

- 206 

4:00 

- 5166 

- 210 

5:00 

- 5166 

-220 

6:00 

-4780 

- 1490 

7:00 

- 6166 

- 220 

8:00 

- 6170 

- 200 
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Table  5.  Summary  ot  Lir+irp 

Severe  Substorm  During  Winter-Solstice 


material  with  the  maximum  POTENl/AL 

difference  (VOLTS) 

ABSOLUTE 
POTENTIAL  OF 
a/C  STRUCTURE 
(VOLTS) 

LOCAL 

TIME 

OSH  GLASS  ON  NORTH  PANEL 

23.00 

- 017S 

" 170 

24:00 

= 5170 

" 190 

1:00 

" 0170 

■=  170 

2:00 

- 0200 

- 170 

3:00 

- 5175 

- 175 

4:00 

- 5170 

- 180 

5:00 

- 5170 

- 180 

6:00 

- 5170 

- 200 

7:00 

- 5170 

- 180 

8:00 

- 5175 

- 175 

Table  6.  Suieaery  of 

Surfaces  During  a Severe  Geomagnetic  suostorm 


1. 

BACK-SIDE  NO.  527  SILICA  CLOTH 
BLANKET 

-220 

2. 

' CSl  **ANElt  NO.  527  SILICA  CLOTH 
rfLAN^ET 

+170 

3. 

NORTH  PANEL*  NO.  527  SILICA  CLOTH 
blanket 

-170 

4. 

NORTH  PANEL.OSR  GLASS  COMPOSITE 

-5200 

5. 

SOUTH  PANEL  NO.  527  SILICA  CLOTH 
blanket 

190 

6. 

SOUTH  PANEL.  OSR  GLASS  COMPOSITE 

-520C 

7. 

EAST  PANEL.  NC.  527  SlUCA  CLOTH 
BLANKET 

230 

R. 

EARTH  SIDE.  NO.  527  SILICA  CLOTH  | 

BLANKET 

225 

9. 

earth  side,  no.  570  SlLlCA  CLOTH 

2-10 

10. 

EARTH-SIDE,  NO.  570/550/581  SILlCr~^ 
CLOTH  COMPOSITE 

-2'^0 

11. 

earth-side,  conouctivelv  cuhted  fiberglass 

1?. 

SOLAR  array,  solar  array  cover  glass 

1500 

-1370 

13. 

Sx'.AR  ARRAY.  CHEMGLA7E  PAINT 

14. 

PFxMANENTLY  SHADOWED.  CONDUCTIVELY  COATED 
rititREil  ASS 

-2 

-160 

15. 

PERMANINTIY  SHADOWED.  NO.  527 

MAXIMUM 
POTENTIAL  DIFFERENCE  BEIMEEM 
surface  and  S/C  structure  (VOLTS) 
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table  7.  ESO  Probabilities  of  Occurrence  For  the 


OSR  Glass  Composite  Material  During  A Severe 
SiibstoriW* 


[ NO.  OF  ESD  DISCHARGES 
OCCURRING  AT  RANDOM 
TIMCS  IN  ONE  SECOND 

PROBABIUTY  OF  OCCURRENCE 

2 1 

0.642 

2 2 

0.264 

2 3 

0.0755 

2 4 

0.016 

2 5 

2.6x  10"3 

2 6 

3. 3 X 10"4 

2 7 

3.4  X 10"® 

2 8 

3 X 10~® 

a 9 

2 X 10"^ 

a 10 

1 X 10"® 

* THE  SEVERE  SUBSTORM  WAS  SIMULATED  BY  BOMBARDING  THE 
OSR  GLASS  MATERIAL  SAMPLE  WITH  20  KeV  ELECTRONS  HAVING 
A CURRENT  DENSITY  Of  1. 5 NA/CM^ 


Figure  1.  Spacecraft  Charging  Model  Flow  Chart. 


' 3) 
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C 


SOLAR  ARRAY 

composite: 

COVER  GLASS  ON 
TOP  OF  SOLAR 
CELL  WITH  MICA 
SUBSTRATE 


S70.  550.  581 
SILICA  CLOTH 
COMPOSITE  ON 

61  MBA 

I9MBA-I 

I9MBA-2 


570  SILICA 
CLOTH  on  GOA 

and  earth 
COVERAGE  HORNSi 


fiberglass  — 

STRUCTURAL  PARTS 
ON  SCT/TX  AND 
SCT  RX  antennas 
(COATED  WITH  CONDUCTIVE 
•TO) 


BACK  OF  SOLAR  ARRAY.* 

chemglaze  paint 


5i?  SILICA  CLOTH 
BLANKET 


OSR  GLASS  ON  NOPTH 
AND  SOUTH  PANELS 


527  Silica  cloth 
blanket  on  east. 

WEST.  AND  BACKSIDE 
PANELS 


Figure  2.  DSfS-Ill  Material  Configuration. 


SURFACE 


PLASMA 

SOURCE 


FAUL.I^OUINOX 


SUBSTOFtM: 


8:00  LT 


7KEV 
0.5X  10-S  A 


SOLAR  ARRAY  OV 
COVER  GLASS 


NORTi^i  RANEL 


CHEMGLA2B»  >1560 


BACKSIDE  OV 


rNORtH  PANEL  527  = >365V 


STRUCTURE  = -200V 


m TER*SOLSTICE 


8:00  LT 


SOLAR  ARRAY 

COVER  GLASSY  OV 


NORTH  PANEL 
OSR=  .53S0V  N. 


EAST  PANEL  « OV 


SUBSTORM: 


7KEV 

0.SX  10-9  A 


CHEMGLAZE-  ~IS40V 


BACKSIDE  OV 


north  panel  #527 
= -340V 


STRUCTURE  -176V 


570  composite 
^ -467V 


■WEST  PANEL  = -340V 


SCT  ^ 

FIBERGLASS  = -17SV 


■SOUTH  PANEL 

527  «0V 
CSR-^OV 


PERMANENTLY 
SHADOWED 
527  = -340V 


570 ~ -400V 


MAX  AV  = -5175  V 

OSR  GLASS  04  NORTH  PANEL 


ILLUMINATED  SIDES: 

SOUTH  PANEL 
EAST  PANEL 
BACKSIDE 


figure  5.  Steady-Stote  Absolute  Potentials  of  DSCS-III 
at  8:00  L.T.  (Winter-Solstice)  During  A 
Severe  Substorm. 


M 


Figure  6.  Variation  of  Steady-State  Differential 
Potential  As  A Function  of  Secondary 
Electron  Emission  Coefficient 
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prediction  op  ion  drift  EFFEcri'S  ON  CPACECRAFT  FLOATING  POTENTIALP* 

Jen-Shih  Chatig,  S.M.L.  Prokopeilko,  R.  Goaard  and  J.6.  taframboiae 
Centfe  fot  Research  In  Experimental  Space  Science  dnd  Physics  Department 

York  University 

AfiSTRACT 


Tne  plasma  environment  of  high-altitude  spacecraft  has  been  observed  to 
Involve  ibn  drift  velocities  which  sometimes  become  comparable  to  ion  mean 
thermal ‘ speeds . Such  drifts  may  cause  an  electrically  isolated  spacecraft 
surface  to  float  at  a substantially  Increased  negative  potential  If  It  Is  simul- 
taneously shaded  and  downstream  relative  to  the  drift  direction.  We  present  a 
calculation  of  upper  and  lower  bounds  on  Such  potentials  for  a spherical 
spacecraft,  based  on  the  fact  that  ion  collection  on  the  spacecraft  at  Its 
downstream  point  Is  bounded  above  by  the  corresponding  current  which  would  be 
collected  if  the  spacecraft  were  an  equlpotentlal  (l.e.  were  ntor^  attractive 
fot  ions  elsewhere  on  its  surface  than  It  is  in  reality)  and  bounded  belOw  by 
the  corresponding  result  for  a sphere  at  Space  potential.  The  results  show 
that  (1)  the  ion  speed  ratio  at  which  drift  effects  become  "Important"  (l.e. 
change  the  floating  potential  by  at  least  10%)  can  be  as  low  as  0.1,  and  may  be 
decreased  if  the  ambient  electrons  are  non-MaxWe Ilian;  (2)  the  effects  of  Ion 
speed  ratio  Increase  With  increasing  lon-to-electron  temperature  ratio;  (3) 
negative  floating  potentials  for  drifting  Maxwellian  ion  velocity  distributions 
with  speed  ratio  unity  are  typically  about  twice  as  large  as  the  corresponding 
potentials  for  nondrifting  conditions. 

INTRODUCTION 

If  a spacecraft  Is  exposed  to  ambient  lonr  whose  drift  velocity  U Is 
conq)arable  to  or  larger  than  their  most  probable  thermal  speed  [Ion  speed 
ratio  §£ ■ 0/(2kTi/mi,)^  ^ 1,  Where  k Is  Boltzmann's  constant  and  m^  and  T<  are 
Ion  masp  and  assumed  Ion  tempera ture 3 , a large  decrease  In  Ion  flux  to 
downstream  surfaces  will  occur.  Unless  such  surfaces  are  able  to  expel  surplus 
Incident  electron  fluxes,  e.g.  by  photoemlsslon,  their  floating  potentials  will 
become  substantially  more  negative  sft  a result.  If  the  ambient  electron 
temperature  Te  Is  simultaneously  lar^  or  more  generally  the  ambient  electron 
energy  distribution  has  a significant  nlgh-cnergy  component,  then  large  absol- 
ute increases  in  negative  floating  potentials  will  occur,  with  correspondingly 
Increased  arcing  hazards.  Even  If  Tg  Is  relatively  small,  such  effects  may 
Influence  surface  potentials  enough  to  disturb  particle  and  field  measurements. 
Sjt  values  of  order  unity  may  be  reached  In  the  Earth's  outer  magnetosphere 
(Hauk  1975;  DeForeSt  1977,  Figs.  6 and  8);  larger  values  are  likely  in  the 
outer  Jovian  magnetosphere  and  magnetosheath  (Goldstein  and  Divine  1$77),  and 
in  the  solar  wind  (Dessler  1967,  Axford  1968,  Manka  1973).  in  both  outer 

*work  supported  by  the  U.S.  Air  For^e  Office  of  Scientific  Research  under 
grant  number  AFOSR-76-2962. 
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magnetospheres,  electron  distributions  having  substantial  hlgh-onergv  comoon- 
cnts  have  been  observed  (DeForest  and  Mcllwoln  1971,  Goldatcln  and  Dlvlne‘^1977) . 

A calculation  of  Ion  d»‘ift  effects  on  the  floating  potential  of  the  lunar 

Parker f 19781  <19731,  using  a locnl-current-balance  formation. 

Parker  (19781  has  done  exact  numerical  calculations  of  floating  surface  ootent. 

huICh™  inciu«:j7o:”SniS^'dC.' 

to  Illumination  of  one  end  and  Ion  drift  parolTel  to  the  axis  of  symmetry. 

effeci-rnrrd.’’??®*^^”®  proximate  calculation  of  Ion  drift 

effects  on  the  floating  potential  of  a shaded,  downstream,  electrically  Isolated 

# ^ yields  upper  and  lower  bounds  on  such  potentials  This 

^nj^  of  r Prokopenko  and  Laframbrisr  (i????.  The 

K as  follows:  If  one  compares,  on  one  hand,  a 

situation  wherein  the  entire  spacecraft  is  at  the  same  potential  as  the  surface 

ln*^rrMt‘*Iirrt°"’  T ® realistic  situation  where- 

4 1 4-A.  spacecraft  Is  at  a less  negative  potential  (Fig.  2)  then 

nrni  surrounding  the  surf.ee  efe«.„;  “u  be 

deeSHer  men  ’P*“‘“P  ‘hs  lo»  collection  «IU  In  gener.l  be 

Conditioner  rigorously  true  In  a wide  range  of 

and  Parker  1973,  Laframboise  and  Godard  1974).  m 
particular,  one  can  envision  hypothetical  asymmetric  sheath  potentials  which 
^d  cause  . hlgh-speed-rntlo  e«blent  Ion  dUtrlbutlon  trbrfocJsed  o«J  Jbe 
downstream  point.  We  exclude  such  cases  in  what  follows. 

™08t  extreme  example  of  steepening  would  be  a potential  profile 

diirl^nM®  almost  to  the  spacecraft  surface,  then  fell 

to  surface  potential.  lu  this  limit,  the  surface  clement  In 

in^to  thr«}**  ®°“®®*=  ‘=*'®  downstream  space-potential  current  correspond- 

ing to  the  given  Ion  speed  ratio.  The  downstream-point  current-density  Values 

“ “"*'"’‘^''“•1  »?>■'"  “•  »>P«tlvely.  the  poteruTerJb“ 
surface  element  and  space  potential  may  therefore  be  regarded  as  upper  and 

h J®««ds  on  the  actual  current  collection  at  that  potential,  the^upper 

*=*'®  above-mentioned  qualifications.  The  resultlL 

uDoer  »nA  surface  potential  may  correspondingly  be  regarded  as 

upper  and  lower  bounds  on  more  realistic  values  of  this  quantity  The 

Jhr»rtreeSrtslo«^  correspond,  rLpeettvely.  to 

tne  three-dimensional"  and  "one-dlmenslonal"  velocltv-space  cutoffs  considered 

by  Prokopenko  and  Laframboise  (1977)  for  nondrlftlng  sltSatLPP  <=‘>"a^dered 

THE(®Y  OF  LOCAL  ION  COLLECTION  ON  A UNtPOTENTIAL  SPHERE 

dlstrlbuMorw\‘'°J!^!i?"’®®®  ® drifting  Maxwellian  Ion  velocity 

^ rtegligible  magnetic  field,  containing  a fully  charge -absorbing, 
unipotential,  sFi.erlcal  electrode.  We  assume  that  Debye  length  In  » 

«Jr) -Tr  /r  1 “'’’‘"‘““"P  sysitetrlc  UplScs  potentisl 

Is  (CodIrt  1975  p 31)  ^ '“suslty  st  the  electrode  surface 
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CD 


= J J 

»nax(0,Xg)  0 


c-xpC-p  - 2SiP''  cofi  li  cos  0 - S|)Iq(2Sj.B 'slnn  aln  6 )d0  dg 

(2.1) 

Q=L8/(2mr3  kT) , J - J/fN  q(kT/2Ttm)h.  I„  Is  the 

modlflea  Bcsst^l  function  of  zero  order,  is  number  density  far  from  the 
electrode,  y,  is  angular  surface  position  coordinate  measured  from  the  upstream 
direction,  9 is  change  in  direction  of  the  radius  vector  of  a particle  as  it 
moves  from  Infinity  to  radial  distance  tg,  and  9 is  related  to  particle  energy 
E,  angular  momentum  L,  charge  q and  the  potential  profile  m(r)  by  the  following 
expression  (Goldstein  1950,  Ch.3) ; 


9 ® J**  Ldr/[r®  [2mE  - 2mq{p(r)  -L®/r®l)^  (2.2) 

*"s 

we  have  computed  J,  by  Integrating  Eq.  (2.1)  numerically.  For  the  given 
Laplace  potential,  Eq.  (2,2)  can  bs  integrated  analytically.  We  obtain 

9=  9ln-i  [(2n+  Xg>/()^+4Bn)^:i-  sin-1  [Xb/(>®  + 430)^1  (2.3) 

For  space  potential  (X  = 0) , Eq.  (2.1)  can.be  integrated  analytically. 
The  result  is  (Tsien  1946)  ® j- 

Jl  = TT  cos  (J,  [1+ erf(S£  cosy,)]  + exp(-S|  cos^y.)  (2,4) 


Figure  3 shows  results  obtained  for  the  ion  current  density  j.  at  the 
downstream  po^nt  y,*Tr,  as  a function  of  St,  with  Xs  8®  « parameter , where  )L»ecps 
/kTt  ^ e = qf  As  expected,  Jt^  decreases  with  increasing  St  and  increases 
with  increasing  |xg|.  In  Fig.  4,  the  same  re.sults  are  graphed  logarithmically  as 
functions  of  Xg.  Figure  4 shows  that  these  results  may  be  approximated  with  an 
error  ^ 5%  by  power-law  relations  of  the  form 

^ ‘ . (2.5) 


The  resulting  St  dependence  of  the  coefficients  A_,  Qf  and  B =1.  (X  = 0) 
Is  shown  In  Fig. 5.  ^ rr  •'irt'  s 


RESULTS  AND  DISCUSSION 

Upper  and  lower  bounds  on  negative  downstream-point  floating  potent ia'j 
for  a shaded.  Isolated  surface  element,  obtained  by  numerical  solution  of  the 
equation  Jt+ Jg^O,  are  shown  In  Fig.  6 for  various  lon-to-electron  temperature 
ratios  e = Ti/Tg.  Here  we  have  assumed  that  ambient  electrons  are  Maxwellian, 
and  that  Jt  is  given  alternatively  by  Eq.  (2.5)  with  Fig.  5,  and  by  Eq.  (2.4), 
yielding  upper  and  lower  bounds  on  ion  current,  corresponding  respectively  to 
three-dimensional"  and  "one-dimensional"  ion  velocity-space  cutoffs  (Sec.  11. 
We  have  also  assumed  that  secondary,  backscattered,  and  photoeraltted  electron 
currents  are  zero.  The  lower-bound  results  are  subject  to  the  qualifications 
noted  in  Sec.  1,  The  dashed  lines  in  Fig,  6 represent  floating  potentials  for 
the  nondrifting  case  S^ = 0.  At  ion  speed  ratios  larger  than  those  shown,  the 
situation  becomes  complicated  by  electron  speed  ratio  effects,  especially  at 
larger  values  of  e.  In  Fig.  6 we  see  that  at  larger  values  of  g,  effects  of  Sj 
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beeomo  important  at  aroalter  Si  vnluefi. 

Ion  temperatutea  used  are  111  6 pv  nna  9 ai  i,„tf  rronopenKo  tiv/ei.  The 

were  obtained  by  lntLrItlni’?hf  J ^ ’ ’'f  •/‘^spectlvcly.  These  values 

eouatinp  k.  #.C«  ® electron  velocity  distributions  to  find  N 

that  the  Jltlo  assuming  that  the  ions  were  Maxwellian  an^’ 

TO" 

TOi:-TO 

large  as  the  corresponding  potentials  for  nondrifting  situations. 
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Figure  3.  Nondlmensional  govmstream-point  Ion  current  density 
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Figure  4.  Nondluenslonal  dewnstrcam-polnt  Ion  current  density  J._  ee  n func- 
tlon  o£  surface  potential  y for  various  Ion  speed  ratios  Si.  for  the  saL 
conditions  as  In  Fig.  3.  xBe  straight  Unas  shown  are  powersaw 
approximations.  ^ 
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Figure  5.  Dependence  of  the  power- law  coefficients 
speed  ratio  Sj.. 
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NUMERICAL  CALCULATIONS  Of  HIdH- ALTITUDE  DIFFERENTIAL  CHARGING:* 

PRELIMINARY  RESULTS 

J.G.  Laframbolsep  R.  Godard  and  S.M.L.  Prokopenko 
Phyaicfi  Department,  York  University 


ABSTRACT 

two-dl^nslonal  simulation  program  has  been  constructed  in  order  to 

predictions  of  floating  potential  distributions  on  geosta- 
tionary spacecraft.  The  geometry  used  is  infinite-cylindrical  with  ancle 

can  be  Included  In  an  approximate  way.  The  program  can  treat  either 

conditions  or  Slowly  time-varying  situations  involving  external 
aIZ  f 1®®  particle  transit  tines.  Approximate,  locally 

f®”?  provide  space-charge  density  profiles,  but 

nu|terical  orbit-following  is  used  to  calculate  surface  currents.  Ambient 
velocity  distributions  are  assumed  to  be  Isotropic,  beam-llke,  or  some 

fl!®®®'  Preliminary  results  are  presented  Which  demonstrate 
studies  program  to  play  a useful  role  In  spacecraft  charging 


INTRODUCTION 

featuJe!'-^*^^*^*^  simulation  program  has  been  constructed  having  the  following 

cylindrical  geometry  with  angle-dependence 
(2)  floating  surface  potential  distribution  found  using  "quaslstatlc  Iteration' 

P^kopenko.  1977)  in  which  sheath  potential  changes  during 
particle  transit  times  are  ignored  ■ 

S ®i^  Incident  currents  by  nun ar leal  orbit-following,  Includ- 

speeier  determlnatlo  of  velocity-space  cutoff  boundaries  for  all  partlcl 

8i«»Pllfled  charge  density  ekptesslons,  rather  than  numerical 
In  solving  Poisson's  equation  for  sheath  potentials 

distributions  isotropic  or  beam-llke 
(monoklnetic),  or  some  superposition  of  these 

( ) input  formats  as  flexible  as  possible  with  regard  to  Inclusion  of 

(a)  velocity  distributions  of  incident  particles,  photoelectrons. 
secondary  electrons,  backscattered  electrons,  and  gun  emissions 

(b)  Internal  current  pathways  including  surface  conductive  layers 

(c)  surface  capacitances. 

Detailed  rationales  for  the  above  features  have  been  given  by  Laframbolse 
and  Prokopenko  (1977).  Effects  of  finite  spacecraft  length  on  sheath  potential 

* Work  supported  by  the  U.S.  Air  Force  Office  of  Scientific  Research  under 
grant  no.  AFOSR- 76-2962. 
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be  included  In  either  of  two  approxlihate  ways  which  lead  to 
modifications  of  the  two-dimensional  Poisson  equation  to  be  solved.  We  Include 
description  of  these  methods,  although  neither  has  been  used  In 
obtaining  the  preliminary  results  presented  In  Sec.  2.  The  fltst  method  Is 
erlved  fay  pretending  that  the  circular  Inner  boundary  of  the  computation  gtid, 
which  represents  the  Spacecraft  surface,  Is  no  longer  a cross-s6ctlOn  of  an 
Infinite  cylinder,  but  rather  Is  a crosa-sectlon  through  the  equatorial  plane 
of  a prolate  spheroid  of  polar- to-equatorlal  aids  ratio  Lai.  We  also  assume 
1 j®  sheath  potential  Is  (for  some  unspecified  reason)  Independent  of  the 
latitude  coordinate  perpendicular  to  this  plane.  This  leads  to  a modified 
Poisson  equation  of  the  form 


(i.i) 


where  X*®cp/hTg,  | is  a radial  coordinate  In  the  equatorial  plane  and  is 
related  to  nondlmenslonal  radius  r = R/Ps.  defined  In  the  same  plane*  by  the 
relation 

r - (L  - 1)  slnh  I , = %£n  f(L+l)/(L-  1)3*  0 Is  angular  coordinate  In 

the  same  plane,  Rg  Is  spacecraft  radius,  Xd  is  Debye  length,  and  n.  and  n,  are 
the  nondlmenslonal  electron  and  Ion  densities  Ne/Noco  and  Ni/N<  , where  !L  Is 
ambient  density  of  either  species.  Use  of  Eq.  (1.1)  In  place  of  the  usual 
polar-coordinate  Poisson  equation  would  result  In  sheath  potential  profiles 
which  became  Increasingly  steeper  as  L decreased,  thus  allowing  for  approximate 
estimtes  of  sheath  potentials  around  finite  cylinders.  The  limiting  case  L=1 
would  correspond  to  an  assumed  spherical  geometry  without  latitude  dependence; 
the  limit  L-06  leads  to  recovery  of  Infinite  cylindrical  geonretry. 

The  transformation  s = ^n  coth  leads  to  the  alternative  form 

cosh®  I as®  as®  slnh®|g  V Xp  /^"e"**i)  (1.2) 

which  contains  no  flrst-Order  terms.  For  small  s varies  logarithmically 
with  r;  for  large  |,  s varies  as  r"^ . 

The  second  method  Is  derived  by  first  writing  the  nondlmenslonal  Poisson 
equation  fot  cylindtlcal  coordinates,  which  has  the  form 


r ar  ^ r®^  ae®  ^ ^ \ Xp  / 


(1.3> 


We  then  assume  that  x(r,0,2)  Is  periodic  In  S.  such  that  values  of  y repeat 
after  nondlmenslonal  distance  parallel  to  the  z axis.  In  particular,  we 
assume  that  x(r,0,tX)  • some  given  dependence  X£<*“»6)»  ®nd  that  Y(r,0,O)  • 
)(o(r,0)  to  be  found.  We  further  assume  that  ax/Bz®0  at  z«^0,  z»tf,  z*t2£ 
etc,  and  that  only  the  lowest  Fourier  component  of  the  z dependence  of  v Is  * 
present.  Then  ^ 

X(r,0,z)  = ^5CV’'»®^-^X£(r.0)3+KXo(r.e)-X/r,0)3  cos(  ) (1.4) 

and,  at  z = 0,  we  have 

° )°  tx/r,0)  - x„(i-.9n  (1.5) 


The  Poisson  equation  for  X,,(r.0)  now  becomes 
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We  dee  that  In  this  Poisson  eqtiatldnf  effects  of  s-dependence  are 
represented  by  a homogeneous  "Helriflioltz"  term  and  a fictitious  space  charge 
contrlbutlon»  The  independence  Incorporated  Into  this  equation  could  represent 
approx ItAately  the  effects  on  Sheath  potentials  of  finite  spacecraft  length  and/ 
Or  features  Such  as  conductive  circumferential  bands.  Equations  (1.2>  and 
(1.6)  are  both  solvable  by  standard  methods;  both  are  linear.  Both  contain 
only  two  (radius  and  angle)  Independent  variables. 


Other  numerical  simulations  of  the  high-altltude  spacecraft  charging 
problem  include  those  of  Katz  et  al. (1$77)  for  a wide  variety  of 
three-dimensional  geometries,  Parker  (1978a)  for  finite  circular  cylindrical 
geometry  with  azimuthal  symmetry,  and  Parker  (1978b)  for  the  three-dimensional 
disturbed  region  around  a thin  rectangular  plate.  All  of  these  treatments  use 
quasistatic  Iteration.  Among  older  treatments,  that  of  Soop  (1972'>  is  note- 
worthy because  it  is  two-dimensional  and  fully  time -dependent.  The  Creatments 
of  Schrhder  (1973),  Rothwell  et  al.(l976),  Whipple  (1976)  and  Lafon  (1976) 
involve  self-consistent  calculations  of  space  charge  densities  but  assume  that 
sheath  potentials  have  radial  symmetry.  The  latter  is  a serious  limitation 
because  of  the  inherently  angle-dependent  nature  of  the  problem. 


RESUtTS  AWD  discussion 


Figures  1-3  show  equipotentlal  contours  surrounding  an  infinite  cylind- 
rical spacecraft  surface  having  two  independently  floating  conductive  sectors, 
the  smaller  of  which  is  shaded  in  all  three  cases,  and  subtends  angles  of  90®, 
A5®  and  22^®,  respectively,  in  obtaining  these  results  and  also  those  In 
Figs.  4 and  5,  an  eight-level  discretization  In  velocity  space  has  been  used 
for  each  particle  species  Involved  (ambient  electrons,  ambient  ions,  photo- 
electrons, and,  in  Fig.  5,  secondary  and  backscattered  electrons).  In  Figs. 

^ ~ '*’ph  1®  assumed  photoelectron  temperature.  The  calculation  was  Judged  to 

have  converged  sufficiently  when  the  magnitude  of  the  total  unbalanced  current 
to  each  sector  was  < 0.01  times  the  total  current  of  ambient  electrons  to  the 
same  sector.  In  Figs.  1 and  5,  this  criterion  Is  unsatisfied  ott  the  larger 
sector  and  on  both  sectors,  respectively.  The  resulting  floating  surface 
potentials  in  Figs.  1-5  are  accurate  to  within  approximately  50  V or  better. 

A noceworthy  feature  of  Figs.  1-3  concerns  the  dependence  of  the  shaded-Sector 
pwential  on  sector  angle . The  indicated  values  of  -2956V,  -2956V  and -2969V  respectively, 
provide  an  indication  that  ion  collection  Is  orbit-limited  for  sector  angles 
of  90^  and  45®,  but  orbit-limitation  has  (Just)  broken  down  for  a sector  angle 
of  22J?®.  This  result  Is  consistent  with  a prediction  by  Prokopenko  and 
Laframboise  (1977)  that  the  potential  well  configuration  around  a sufficiently 
small  shaded  electrically  isolated  surface  element  can  produce  breakdown  of 
orbit-limited  Ion  collection  On  it,  driving  its  floating  potential  tuore 
negative  than  otherwise. 

Figure  4 shows  a situation  identical  to  that  of  Fig.  3 except  that  the 
spacerraft  has  been  rotated  counterclockwise  by  90®,  bringing  the  smaller 
sector  partly  Into  sunlight.  As  a recult,  its  potential  has  risen,  as  expected. 
At  the  same  time  the  larger  sector,  which  now  has  a smaller  proportion  of  its 
total  area  sunlit,  has  become  more  negative. 


190 


Figure  5 sh6ws  a situation  Identical  to  that  of  Fig.  3 except  that  dUrrents 
di'«.  to  electron  backseat  taring  and  also  secondary  entlsslon  caused  by  electron 
Impact  have  been  Included.  In  compariabh  with  Fig.  3,  both  sector  potentldls 
have  risen  substantially  because  of  the  Inclusion  of  these  Currents.  A barrier 
of  negative  potential  Is  now  evident  on  the  sunlit  side  of  the  spacecraft 
(Fahleson,  1$70;  Prokopenko  and  Lafraihbolse,  1977).  In  this  case,  the  shaded- 
sector  potential  has  been  Influenced  more  strongly  by  breakdown  of  orblt-llmlbed 
Ion  collection  than  In  Fig.  3.  If  such  breakdown  had  not  occurred,  the 
shaded-sector  potential  would  have  been  -1985V.  The  omission  of  secondary 
emission  due  to  Ion  Impact  In  this  calculation  causes  the  floating  potentials 
shown  to  be  slightly  more  negative  than  would  otherwise  be  the  case. 

Figure  6 differs  from  Figs.  1-5  In  that  the  situation  shown  Is  for  an 
Insulating  spacecraft  surface,  for  which  d floating  condition  requires  local 
current  balance  to  exist  at  eve  point.  It  also  differs  In  being  not  a 
converged  result,  but  a '‘guess  field"  (first-iterate'>  potential  distribution 
based  on  a local  current  balance  calculation  in  which  attracted-specles  currents  / 
were  assumed  orblt-liffllted  everywhere,  and  all  emitted  photoelectrons  were  / 
assumed  to  escape.  The  latter  assumption  Is  clearly  wrong  In  view  of  the  / 

barrier  of  negative  potential  which  exists  on  the  sunlit  side  of  the  spacectSf^. 
Excess  electron  collection  will  therefore  occur  on  sunlit  surfaces,  driving 
their  potentials  more  negative.  Attempts  to  converge  onto  a floating  condition 
have  provided  qualitative  confirmation  of  such  behavior,  but  successful  con-/ 
vergence  had  not  yet  been  achieved  when  this  was  written.  The  reason  appeals 
to  Involve  the  fact  that  on  a curved  Surface,  photoemission  current  decrease 
continuously  as  a function  of  distance  from  the  subsolar  point.  A point  f^ose 
location  Is  not  known  in  advance)  will  therefore  exist  at  which  photoeml/sion 
becomes  Insufficient  to  hold  the  surface  close  to  spate  potential.  Beydhd  this 
point,  surface  potential  will  decrease  rapidly  as  a function  of  position.  The 
Surface  potential  profile  will  therefore  contain  a "shoulder"  whose  l,dcatlOn 
evolves  as  the  calculation  proceeds.  Combination  of  this  Situatlon.'i^lth 
truncation  errors  In  the  photocurrent  calculation  appears  to  be  responsible  for 
the  observed  lack  of  convergence.  A variety  of  approaches  are  presently  being 
explored  In  an  effort  to  overcome  this  difficulty.  Including  the!/' construction 
of  a surface-current  model  for  photoemlsslon  which  includes  product Ion- grad lent 
as  well  as  potential -gradient  effects. 

CONCLUSIONS 

We  have  presented  results  from  a two-dimensional  numerical  simulation  of 
the  hlgh-altltude  differential  charging  problem.  Although  these  results  are 
preliminary,  they  provide  verification  of  a prediction  by  Prokopenko  and 
Lafranibolse  (1977)  that  breakdown  of  orbit- limited  Ion  collection  can  occur  on 
a Sufficiently  small  shaded  Isciatcd  surface  element,  driving  Its  floating 
potential  more  negative  than  otherwise.  The  results  also  verify  another 
prediction  (Fahleson,  1973;  Prokopenko  and  LaframbOlse,  1977>  that  barriers  of 
negative  potential  can  form  on  the  sunlit  side  of  a differentially  charged 
spacecraft  in  the  absence  of  space-charge  effects.  A variety  of  other  phenom- 
ena, Including  effects  of  time -dependent  external  conditions,  effects  of 
surface  material  properties  including  those  of  "multiple -root"  materials 
(Prokopenko  and  Laframbolse,  1977),  and  effects  of  gun  emissions  remain  to  be 
investigated.  The  results  obtained  so  far  p'lOvlde  evidence  that  the  simulation 
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program  la  ready  to  play  a useful  role  Ifl  studies  of  hlgh-altltude  spacecraft 
charging  problems. 
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Figure  1.  Equlpotentlal  contours  around  an  infinite  cylindrical  spacecraft 
with  two  conductive  sectors  having  angles  of  270P  and  $0°.  Sector  potentials 
*2956V,  respectively.  Residual  sector  currents  are  -O.O066 
and  -0.0060  times  sector  electron  random  currents,  respectively.  Ti*Te« 
IkeV,  Tph » lev,  Ne» = 50  cm"® . Assumed  photoemlsslon  flux  J„u  Is  42 x 10“®A/m* 
at  normal  sunlight  Incidence  (l.e.  that  for  aluminum).  Secondary  and  back- 
scattered  fluxes  are  assumed  aero.  Computation  grid  contains  34x16  Inter- 
vals. Space  charge  Is  neglected. 
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Figure  6.  Equlpotential  contours  around  an  Infinite  cylindrical  spacecraft 
having  an  Insulating  surface » corresponding  to  a "guess  field"  surface 
potential  distribution  determined  using  local  current  balance  considerations, 
with  all  potential  barrier  effects  Ignored.  Maximum  and  minimum  surface 
potentials  are  5,42xlO“®V  and  -2956V,  respectively.  Assumed  values  of  Ti, 
Te,  Neae*  T|,h  and  Jpj,  are  the  same  as  for  Fig*  1.  Secondary  and  backscat- 
tered  fluxes  are  assumed  zero.  Computation  grid  contains  34x16  Intervals. 
Space  charge  Is  neglected. 
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analytical  study  of  The  time  DEPENDENt  SPACECR/\FT-PLASMA  I.*’TEBACHON* 

J.  W.  Clpolla,  Jr.  and  M.  B.  Sllevltch 
Northeastern  University 


SUMMARY 


A study  of  the  time  dependent  Interaction  of  an  initially  uniform 
brium  plasma  with  a plane  conducting  surface  has  been  made  in  o^dor 

show,  excellent  agreement  (within  U)  with  the  nnmetlcel  reeS. 


INTRODUCTION  AND  FORMULATION  OF  EQUATIONS 


the  synchronous  orbit  satellites  and 

elLriino*^!!  ^ the  charging  of  spacecraft  by  energetic 

electrons  has  led  to  the  need  for  more  complete  understaidlne  of  the  dvnami/w 

tlnie^dL*^^a^  dependent  interaction  is  presented.  Previous  analytical  *Jork  on 
time  dependent  plasma  boundary  value  problems  has  been  restrlctL  to  time  de* 
pendent  probe  theory,  in  which  the  sheath  developmenranrS^i!  reL^n^  t' 
a known  variation  of  probe  potential  is  soueht  fref  i f.\  response  to 

into  vacuum  tref  7-9^  and  is  sought  (ref.  1-6),  to  plasma  expansion 

(ref  10?  H i:  acceleration  in  a steep  density  gradient 

know^  and  f^ni  f ^ potential  and  plasma  response  are  un- 

in  fur“«  StSl“So^  sall-conslstant  act  of  equations  to  be  set  do«. 

char =1*  »*  arbitrary  thickness  Initially  Im- 

(fig  1 hi  t!2f  t ‘'JTu  ? u f stationary  plasma 

(rig.  1 . At  time  t « 0 the  slab  begins  to  absorb  all  charge  Incident  unon  It 

oatalytl?  wal/as^JS“  ?s  V 
Simplicity;  the  effects  of  partial  absorption  and  reconibi- 
alii  n ^ electrons  and  ions  respectively  and  of  such  emissions  as  uhotoemls- 

^ ^®  included  as  adjustments  In  the  boundary 

^nditions  of  the  problem.  This  physical  situation  could  de^rJbe  eith«  a 
planar  laboratory  probe,  a nonplanar  laboratory  system  in  contact  with  a small 
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^bye  length  plasma,  or  planar  portions  of  a satellite  in  contact  with  tha 
earth  s plasma  environment.  For  many  conditions  of  interest  the  electron  to 

greater  th^'^i^u;,  so  Sat  Se 

tesultlne  initially  domittates  the  ion  fluk  to  the  boundary, 

while  thf  t ® negative  surface  charge  on  both  exposed  surfacL 

electric  field  is  maintained  in  the  LarinteSor! 
«.K  w subsequent  development  occurs  symmetrically,  attention  is  focused  on 

1 ^ located  in  the  plane 

elec2kc®fl2S  Ic  ’fj'  however,  that  within  one  skin  depth  of  the  surface  the 

negative  firfLe  initial  acquisition  of 

charge  leaves  an  ion  rich  layer  immediately  adjacent  to  the 

Sp*^iniria?^^  ® potential  and  electric  field  are  established  due  to 

separation.  These  seli-consistent  fields  then  act  to  de- 
celerate electrons  and  accelerate  ions  until  a balance  between  their  fluxes  is 

fSirto  the  bofoJ  ionized  plasmas) , at  which  point  no  net  current 

flows  to  the  boundary  and  the  process  achieves  a steady  state. 


-ke  de,elop«„t  It  Is  convenient  to 

1.  Plasma  electrons,  with  thermal  energy  kT_,  are  to  be  treated  as  al- 
ways in  a quasistatic  equilibrium  state  relative  to  the  ions.  Thus  the  non- 
dimensional  electron  number  density  and  flux  are  given  by 


= e"'*'(l  - i erfc^J^)  (1  - y erfc^^-1 

Je<«  ■ - (2^)  - I -^<=VV'‘ 


da] 


(lb] 


e o 


^e  “ ^e^o*^  » “ dT^/!e|)tp  , -♦(o,t)  = (kT^/|e|)^^ 


where  Uq  is  the  density  of  the  Undisturbed  plasma  and  c = (kT^/nt,)  1/2  ig  the 
ion  acoustic  speed.  The  complementary  error  function  reflects  the  half range 
has’^hL°^ai^^  electron  distribution  function  due  to  the  absorbing  boundary ^an« 
n!^  f ; reference  11.  EquaUioS 

« th^  pialS  “ ><="1' 


“pi"^  “ (e^m^/n^e2)l/2 

Whereas  the  equipartitlon  time  for  electrons  can  be  expected  to  scale  as 

V‘^  “ (n>e/mpl/2o,p^-l  
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This  argumnt  la  standard  and  should  not  predict  unphyslcsl  results. 

(I  **  negligible  conpered  to  the  electrons 

rilctrlc^keld  U thTcold^lM^nnoS^J?*'*  ““i”  *'>'  «»-«»wi«tent 

io  in  cne  cold  Ion  approximation  to  the  equations  of  motion. 
Thus  we  may  write  as  the  complete  system  of  equations 

3n  . 3 
3t  ^ 


3t 
3x2 

t is  tine  naas«r^diriorpUsn^o^foS°  >=•  ^ «i<lltlon. 

Debye  lengths  An  with  x ^ a distance  in  electron 

undisturbfd  plaSma  Le  glven**by°  conditions  satisfied  In  the 


(hu) 

■ 0 

(2) 

3u 

- ii 

(3) 

3x 

3x 

tt  - 

(4) 

5x  ° 1 as  X « 


(5) 


Using  Gauss'  law  on  a thin  pmif»v,i  ® accumulation  of  charge  on  the  wall. 

X uas  xaw  on  a thin  control  volume  surrounding  the  surface  then  gives 

3E 

w 1 rih  1 — 

(6) 


OCt 

0^  " ^e^*^w^  - nu  at  X B 0 


and  the  boundary  condition  on  i|»  Is  then 

E at  X B 0 


dx 


(7) 


Numerical  resulis 


that  of  Wldner”et*^^*(ref*12)^”^Fir*^r^P*^<*^^^^  iislttg  a scheme  similar  to 
relaxation  »JhJ5  rttt  a virSi.  •fl»«tlon  1.  eolued  uelng  a 

cdhdltlon  at  X-  0 ir^coJ^^iL  ? !“'•?*“  Jerlvatlve  boundary 

technlgue  and  the  eayt^oen  j^uiSTls  " ““**  I”**' 

X locetlon  ,.tUciJul  f«  InT^e^u^nl  J’ ^S^ajj  r.“M*lJ  'J 

tlons  presented  here)  Tho  ^ ^ ^ ^ x ■ so  lit  the  calcula-* 

time  by  numerically  Integratlna  the  advanced  in 

“?nr  rse^^tL"^  its  utriter ' Tt 

upoatea  n and  u are  then  used  to  advance  the  electric  field  at 
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(eq/^^foJ*'^hfne«  ItfiratloJ  boundary  condition 

an  updated  ion  density  This  s equation  which  now  also  includes 

U reached.  t 

field  to  be  caused  by  absorotion  nf  ufae  the  Initial  su  face  electric 

a tnatrtx  of  aM«onaw  S™  «“*  through 

plasma  period*  Poisson's  equation  initial  period  of  one  electron 

X - 0 and  tha  tasultlM  i ^ initial  fluid  at 

satvad  as  "Inin^Ji  cMdU^M  f ""  "«rtbution  than 

Md  tine  spactnga  uaed  were  Ax  ■ ,2  and  dletance 

400  intervals.  ^be  x- axis  divided  into 


^a 

no^^eutrSlheaS%lon‘l^  S^lfah^  “f"'  'i^xeldl-ant  of  a 

the  field  is  gradually  dlminishine  -i*  *-t. 

wm  potential  la  within  3Z  of  Ita  floSLig  J2i“f  ?1i  afSr^°^“’  ““ 

te;:;  SSS  l-.—:;  Sli; 


.1;  r™.  - S‘S:'<:;.' 'is-  “■• 

<“f!  5rharaJSw^‘‘S;t1f‘Jong“s1{t)°n  '’oo^dSf  ° 

and  wall  region  may  propagate  Lto  the  undllfu^h^H  sheath 

sheath  edge  decelerates  t^ugh  ^he  Jolnfpra?  whlS“l??‘^ 
tic  rarefaction  propagates  into  the  oleamn  ^ “ c,  an  ion  acous- 

S3nnptotlc  steadv  plasma.  As  the  sheath  approaches  the  a- 

rSctLr::Sa  a“:iira™to^:  ZT^J^r  "5"  coaatantly  anltted 

reached  a stable  neo4t-i«  “ j f until  at  P3  and  beyond  the  sheath  has 

the  aheath.  ahi^^tw^?;  hTtS\oraco“Sc“ap“eT 


ANALYTICAL  TREATMENT  OF  QOASINEDTRAL' 11.ASMA 


n - e”*^ 
e 


(8) 


in  eqs.  (2)  and  (3)  ana  neglecting  Poisson’s  equation  yields 


^ j.  ^ j.  „ 3 in  n 

St  * Sx  * “ ~5T~ 


0 


(9) 
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^ 3u  , 3 £n  n 


(10) 


^6r~5^^5  equilibrium  Boltzmann  density  for  dlectrons  (eq.  8)  instead  of 
the  corre«  density  as  given  by  eq.  (la)  is  accurate  to  within  about  1%  for 
t >10.  The  correct  halfrange  behavior  should  be  retained  only  durlna  the 
charging  while  the  wall  potential  is  still  relatively ®small . 
Adding  and  subtracting  these  equations  then  gives  the  characteristic  forms 


,± 

Dt  ® 


where 


(11) 


Dt 


*=  u ± in  n 

It 


The  solution  to  these  equations  is  theru 


(12) 

(13) 


+ 

J" 


on  the  characteristics  defined  by 


dx 

dt 


const 


u ± 1 


(14) 


(15) 


plasJl^*floi”^  several  comments  may  be  made  about  the  resulting  quasineutral 
(1)  The  region  beyond  C(t)  is  called  a simple  wave  region  since  the  £~ 


I (j’*‘  + J”) 


(16) 


Now  consider  two  adjacent  points  P'  and  P"  on  the  characteristic  f,"*"  in 

IttJlL  4 furthermore*  the 

quantity  J*  is  not  only  invariant  along  a given  characteristic  but,  since  all 

f char^teris  tics  originate  in  a region  of  cots  tan t state  with  u « 0 and 
n f Is  also  the  same  on  diffetent  f“*  characteristicsj  therefore 


j"(p')  - j"(p‘’) 


(17) 


^ere  J”  has  been  evaluated  in  the  undisturbed  plasma.  Consequently,  u*  ® u" 
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de 


u'  + 1 •»  u"  + 1 


to  I 

dt  lp« 


(18) 


^ characteristic  is  tonatant.  Therefore,  the  f+ 
represent  lines  of  constant  u and  therefore  also  lines  of  con- 

8C£wl  xn  tlo 


(11)  It  is  clear  that  along  the  characteristic  fj'*’ 


dx 

3t 


■ Ux  + 1 


(19) 


stoce  m - 0.  Furthermore,  in  order  for  the  dynamical  quantities  to  achieve 

®J  J*'®  ‘*»®  asymptotic  characteristic  (shown  for 

convenience  as  13)  must  be  horizontal.  Therefore, 


dx 

dt 


3 


U3  + 1 « 0 


(20) 


or 


«3 


consists  of  a fan  of  straight  line  characteris- 
tics varying  in  slope  from  1 to  0,  which  has  the  effect  of  accelerating  the 
stationary  ions  to  precisely  the  ion  acoustic  speed  before  appreciable  charge 
separation  may  occur  in  the  sheath.  ® 

Using  eqs.  (12),  (14),  (16),  and  (17)  gives  for  point  P’ 


u'  - i (j"*"  + j”)  - i + to  (22) 

where  Ug  and  ng  are  the  ion  velocity  and  number  at  point  P2  on  the  sheath 
edge.  Since  u is  constant  on  12*^ 


or 


in  n 

8 


(23) 


u^  ■ in  n ■ -i|) 

s s ^8 


(24) 


so  that  the  f+  characteristics  are  also  lines  of  constant  potential.  Since 
Ug  < 0,  it  is  seen  that  n^  < 1 and  i(»g  > 0. 


This  effectively  solves  the  complete  gas  dynamic  problem  in  the  plasma 
region.  However,  to  construct  the  solution  explicitly  requires  knowledge  of 
data  ^ong  the  sheath  edge,  which  can  only  come  in  this  self-consistent 

the  relevant  dynamical  equations  in  the  sheath  it- 
self obtained  in  the  numerical  solution. 
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■Id  un  Se5e'^S6jk'*oot'S2»*lSil  ••■•th  valuee 

«lo«lty  at  tfce  shiatt  eSJa  SSJ  "»  ' " ** 

“a  * • »a  * ^ • ®a  ‘ •"* 

How  uaing  tka  ataa«r  continuity  and  nonantun  aquationa  for  iona  gioea 

Vw  • ■ -d'’ 


u 2 !-  2i|» 


■ u 2 ^2^  ■ -1 

8 ^8 


ond  the  baltnca  of  ion  and  electron  cuctente  to  the  wall  givea 

H/2 


n-1 


n.  u 
w w 


^e«w>  - -(i^J 


1 

♦t,  “ 1 + 4 iri  — -i- 

2 27rni 


- 3.84 


e 


and  the  ion  velocity  at  x * 0 as 


W 


- - 1 - -2.80 


O.SrSd“S  iM'tLSS^raf  tto^iiirfTsi?'^’  potential 

within  « Of  the  enact  val\^a^o‘S:/SLr?i:i?Sd'Sf™n%%^^^^ 
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SUMMARY 

t (SCCPOEM)  has  been  assembled  to  describe  the  charging  of 

dielectrics  due  to  irradiation  by  electrons.  The  primary  purpose  for 
eyeloping  the  code  was  to  make  available  a convenient  tool  for  studying  the 
internal  fields  and  charge  densities  in  electron-irradiated  dielectrics.  The 
which  is  based  on  the  primary  electron  transport  code  POEM  (ref.  1)  Is 
to  atbittar,  dielectrics,  source  spectra,  and  curreS  ttae  ’ 
histories.  The  code  calculations  are  Illustrated  by  a series  of  semi- 

Sii^field  to  date  suggest  that  the  front  face  elec- 

can  easUy  Je  e“«dS  “ “““  t“t  that  bulk  breakdown  fields 


INTRODUCTION 

i«  generated  by  the  spacecraft  charging  problem 

of  catastrophic  breakdown  and  discharge  of  dielectrically 
stored  charge.  By  this  time,  ^ple  experimental  evidence  is  available  to 
indicate  that  such  discharges  do  occur  both  in  space  (see,  e.g..  refs.  2-3) 
and  in  laboratory  simulations  (see,  e.g.,  refs.  4-12)  of  the  electron  charging 

generally  acknowledged  that  an  understanding  of  thes( 
events  requires  a knowledge  of  the  Internal  fields  and  charge  densities  in  the 
dielectric,  very  little  work  on  this  problem  has  been  reported  in  the  space- 

literature,  the  notable  exceptions  being  the  paper  of  Meulenberj 
11^  estimates  reported  in  the  NASCAP  code  documentation 

; i'  1 ‘d  ^ purpose  of  this  paper  to  describe  our  initial  research 

quaStltles^”®  quantitatively  understanding  these  important  Internal 


sponsored,  in  part,  by  the  COMMUNICATIONS  RESEARCH  CENTRE  of 


4 A4  general  aubjcct  of  charge  trapping,  charge  acorage,  and  current  flow 
In  dielectrics  la  an  exceedingly  complex  area  of  research  (see,  e.g.,  refs. 
14-.6) , Our  approach  to  this  problem  for  the  situations  of  Interest  to  satel-> 
i«e  charging  has  been  to  develop  a computer  model  (SCCPOI^)  (ref.  17)  of  the 
dielectric  charging  process  which 

• Isolates  the  essential  features  of  the  charging 
process  which  depend  on  the  dielectric 

• Is  sufficiently  general  to  permit  comparison  to 
laboratory  simulation  data 

• is  sufficiently  general  to  permit  easy  application 
to  arbitrary  dielectrics,  electron  source  spectra, 
and  current  time  histories 

• incorporates  In  a detailed  quantitative  fashion 
all  those  features  of  the  charging  process  which 
are  believed  to  be  well-known 

• has  the  flexibility  to  add  modular  units  which 
may  be  necessary  to  describe  additional  physics 


is  Inexpensive  enough  to  run  to  permit  parametric 
studies 


To  achieve  these  goals,  we  have  restricted  the  model  to  one-dlmenslonal 
geometry  and  have  coupled  the  existing  SAI  Monte  Carlo  electron  transport  code 
POEM  (ref.  1)  with  various  standard  algorithms  for  computing  the  Internal 
charge  and  field  evolution.  The  existing  code  configuration  relies  on  macro- 
scopic phenomenological  descriptions  of  some  of  the  Important  dielectric  pro- 
cesses (e.g.,  bulk  conduction  Is  treated  with  an  empirically  determined  con- 
ductivity model) . Work  Is  currently  underway  to  include  a detailed  carrier 
statistics  package  Into  the  code  description  of  the  trapping. 

After  introducing  the  basic  features  of  the  model,  code  results  are 
Illustrated  by  a series  of  special  case  analytical  solutions  which  rely  on  the 
basic  transport  calculatlono.  The  presentation  utilizes  the  method  of  succes- 
sive complication,  i.e.,  the  results  proceed  from  the  simplest  to  the  most 
explicated  by  the  successive  relaxation  of  constraints.  Because  dielectric 
phenomena  are  generally  so  complicated,  we  believe  this  method  to  be  essential 
for  Isolating  those  Ingredients  of  the  model  which  are  critical.  Future 
research  may  then  focus  on  these  critical  areas.. 

The  analytical  results  are  followed  by  completely  numerical  computations 
for  cases  which  are  too  difficult  to  handle  analytically.  All  of  the  sample 
calculations  suggest  that  the  front  face  electric  field  arlsl.ig  from  the 
charge  separation  of  the  deposited  electrons  and  the  secondary  emission  elec- 
tron depletion  region  is  well  below  expected  breakdown  fields.  As  these 
results  are  not  in  keeping  with  the  Meulenberg  discharge  hypothesis  (ref.  12), 
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we  pinpoint  the  assumptions  which  give  tlse  to  our  results,  discuss  limitations 


one^oim6nsional  model 


^ if  one-dimensional  model  which  Is  assumed 

^ paper.  We  have  chosen  this  model  for  Several  reasons.  Our 
ptlmary  concern  IS  with  thw  eoi’ditlons  which  occur  internal  to  the  dielectric 
The  Indicated  dielectric  geometry  provides  the  simplest  configuration  which 
be  investigated.  %is  geometry  lias  the  advantage  of  isolating  the 
occurring  within  the  dielectric  from  complicated  multl- 
dtoensional  effects  due  to  transverse  currents  and  fields.  Additionally,  it 
Is  ^pected  that  a one-dimensional  treatment  of  the  dielectric  ^s  an  excellent 

dielectric  area.  That  Is.  away  fro^  e^e^ 
corners,  holes,  etc.,  the  external  conditions  vary  slowly  transverse  to  the 

(variations  in  mils  or  less). 

lating  the  Incident  spectrum  and  primary  current  Jx  to  the  source  Spectrum 
°“®  <il®enSlon  is  not  generally  justified.  For  a realistic 
relationship  can  only  be  extracted  by  using  a 

^Recognizing  Jhis,  le  have 

established  our  computational  algorithm  so  that  it  will  accept  an  incident 
fleu^rr  ether  sources.  The  specific  relationship  implied  by 

attemnt^ro^a^hT^’^*  /tself  use.tul.  Most  laboratory  simulation  arrangements 

Simple  configuration  to  some  degree.  The  computed 
results  may  be  directly  compared  to  the  data  from  these  configurations  to 
obtain  meaningful  information.  The  additional  merit  of  the  configuration  is 

effects  do  not  obscure  the  attempt  to  under- 
stand the  basic  charging  process. 

i^u  V additional  simplifications  should  be  noted.  It  is  assumed  that 

the  beam  energy  and  current  density  and  the  model  dimensions  are  such  that 

(1)  the  potential  does  not  change  significantly  during 
an  electron  transit  time,  and 


(2) 


that  space  charge  effects  in  the  vacuum  are  negligible. 


For  laboratory  applications  in  the  regimes  of  Interest  to  spacecraft  charging, 
these  assumptions  are  true  to  a very  high  degree  Of  accuracy.  Under  these 
conditions,  thS  current  density  is  constant  throughout  the  Vacuum  region.  We 
also  assume  that  the  source  current  is  constant  in  time  throughout  this  paper. 

there  are  undoubtedly  interesting  effects  which  may  be  studied  by 
modulating  the  beam  current,  we  felt  it  best  to  initiate  bur  studies  with  the 
customary  laboratory  condition  of  constant  current,  the  code  version  of  the 

accepts  time-dependent  currents.  We  do,  however, 
explicitly  consider  two  separate  time  histories  for  the  source  spectrum.  We 
arbitrarily  designate  these  as  the  '’normal”  and  "feedback”  cases.  The  "normal" 
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spectrum  l8'*cw8tant!^\hr”feLback»^S^^s‘^dl^ 

aouMe  tens.  Lp«l«entallJ  "aincalnlng  conatant 

the  depandance  5"tap^™a“t  ““-“j-l"* 

currants,  tor  aaaapla^  on  S td nnrhl«o"Jy?“”"^“'^ 

.patia“i“s  s'js'trrgiv:^  iTpL'j^ri:  »' 

araa)  of  the  dlalactrla  Lrf.?.  ^ aapacltance  (per  unit 

dlatance  to  the  surface  I.  by  C„  - e /l  whlle°th«'’^°'*i  *■*  *>-  the 

oTry:^rarSL\:“'r  es^etilyr^ 

OT— d-J^-be£  i 

here.  They  are  presented  as  neS  li  "fcLr'sf^f  tL  tL?' 


THICK  SAMPLES  — EXTERIOR  CHARGING  VARIABLES 


model. 


The  external  charging  process 
The  equations  of  the  model 


may  be  characterized  by  a simple  circuit 
are 


dV 

^o 

o 

dt 

“ J 

o 

- J 

(1) 

s 

D 

dt 

- J 

(2) 

^h^rfroS  the  potential  drop  from  the  left  hand  plate  to  the  surface  Vn  1<, 

tt  iL°!:j^rn«:d  i,;s:f:L'''j,?rnaiar;rr  t 


S'wtatiuai.jf  tunoitions 

aider  this  case  exclusively  throughout 
(short-circuit)  current  J*  is  given  by 


- O • ’U  tiUlI— 

Under  these  condltlorts,  the  external 


* 

To  avoid  repetition,  we  refer  to 
implied. 


current  densities 


as  currents. 


with  the  area 
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(3) 


fi 

C 


j - -?j 


r,rs„-2s:  s 


dV 
o 

dt 


J - J_ 
o D 


(4) 


which  is  the  equation  previously  used  by  Purvis,  et  al.  (ref.  18). 

.tonal':, th.  on.-ai«en- 


dE  , 

^ “ P/"' 


(5) 


^ •...  o b.  .h.  totm  chare.  <?.. 

) dielectric.  Integration  of  equation  (5)  yield,  the  result 

0 = + <S/L)  V 

^ (6-30  ° 

where  3c  is  the  mean  depth  of  the  charge  in  the  dielectric 

JO  * 


(6) 


/ 


p(x)xdx 


Q (7) 

— the  J **°^‘*®  throughout  the  charging,  then  i?  may  be  neglected 

iirirlA^^h  determined  by  the  geometric  capacitance  of  the^surfacl  ~ 

s^pL  and  Electric  field  is  uniform  throughout  ^08^*0!  the 

c«?ent  characterize  the  conduction 

n.  u o“8n  the  volume.  Thus,  the  conduction  currem'  Jn  in  eauation 
may  be  replaced  by  GV^,,  where  G is  the  conductance  per  unit  arL  These  obLr 

fw  use  irhlBher  times  and  represent  the  standard  approximation 

for  use  in  higher  dimensional  codes  of  the  NASCAP  variety  (ref.  13). 

rather  obvious  exercise  is  that  for  thick  samples 
? the  quantities  nomally  measured  in  charging  experiments  are  effectlveiv 
'‘"/''“s®  <iiatriiH.tion  .hich  detenam.:  the  eJcwL 
the  deposition  teglon.  This  mean,  that  these  measUcenents  are  onlitelv  tn 

th:’:::!:::®!:,::!""”"™  distributed  m 


213 


Incldent^Sectrons^ln  and  mean  penetration  df  normally 

deposition  in  th6  material  (whi^h^lf  t?uf  f^r'^small^eir"^  “P°“ 

we  can  see  that  even  for  20  keV  (3.2  x io-15  < ?“®**  charge  densities), 
ttatlon  of  2 i&lcrons  (2  x 10*®  -lo  a4  4^4  filecttoos,  the  meati  pene-* 

of  most  spacecraft  dielectrics  thickness 

the  charge  does  not  occur  via  very  low  eneJev  . “ .®^8niflcant  rearrangement  of 
expect  that  this  simple  circuit  mLel  of  transport  processes,  then  we  may 
sent  the  Internal  chSrglS  measu^eme^  Jhls  adequately  reprel 

previously  pursued  by  Purvis,  et  al.  (ref.^18^^  the  approach  which  was 

trie  di®iordepenro^*^the^wrfacr^oU  ^®cj«catter  yields  from  the  dielec- 
but  are  a function  only  of  th^  IncidGAt^pi^^f^  hlatory  of  the  sample, 

sp.tl.1  current  1.  is  a functi™  *“'*='  »P«ctrum.  Then  ih. 

aaaple  voltage,  itom  above  the  dlel«cr.-J?  «>«tg)r  spectrum  and  the 

general,  the  conductance  is  a f"ctJoJ  ol 

be  reduced— to  quadrature:  solution  in  this  case  may 


dV' 


UgCvO  - GV') 


(8) 


of  tabulated  functions  the  direct  ^ j expressible  In  terms 

formed  by  Purvis. 'ISi.Ire?!^) 

unrealSL'endeJoviTSceJLre  T' 

("feedback"  c.»e  '?II  f‘-^“8th,  and  let  J„  be  consunt 


f"fflds.«u»r.ietT HI  rie±d  strength,  ai 

( feedback"  case).  In  this  case  is  giJen  by 

(l  - ®XP(-  § t)j 


(9) 


sccPo^i^tuif^sL’bu  «ee«rtjr,!;^:ut?ioir 

range  of  interest  (2  - 20  keV)(3.2  - 32  x 10-15  constant  over  the 

are  two  representations  of  the  secondary  yield  c^r^e  fi^  ^^8ure  3 

electrons  on  teflon  as  compiled  by  Wall  It  ll  (Zf  "°"^^ly/*‘cldent 
Sternglass  fit  (ref  20^  anA  *-uJ'  ~ (ref,  19),  one  using  the 

^^:^e^i>gy  s !“£~ 

monoenergetlc  electrons.  Let  the  secoLary  ”eirj/havrtte"?™‘^  ““  °* 


‘8 


A/E 


I* 


i: 


I) 

r 

f 


«“  o*  ««  charging 


C ' 


/vu-V  f«  + 

\^+ - V " [xsT^ 


cy„  - B,)(E  - 
^^0  ■ 


■ v| 

- EjJ 


f(E  + 
- In  


eV  - 
o 


E )(E 


+ eV  - 
o 


(E  - E^)(E  - EJ 


V 


(10) 


^ete 


E. 


(lG)-‘  {«  - a(I  - Ygj)  J, 


(( 


± |(GE  - e(i  - 


\2  1^/2 

.)  + } 


(11) 


^ electronic  charge,  E the  source  energy,  and  If 

coefficient.  *'*  BS 


the  backacatter 


charglS'cS««?^o  a*'  *“  ““l-S  «" 


GV 


(12) 


chargliig  equation  which  has  been  traditionally 
spacecraft  charging  community.  The  equation  is,  in  general  a ^ 

ifl  «-hi  current  source  the  aolutlon  is  simplest.  Shown  in  figure  - 

electrons\n  Teflon*  a^i  formal"  case  of  normally  incident  monoenergetlc 
®“  Teflon,  assuming  a Cbnstant  bulk  conductivity  of  3 3 x lfi“lo  «i,ft 

solution  depends  only  on  the  ratio  (a/6Jf«J,  so  ‘ 

^ **®  obtained  by  scaling.  The  Solution 

shown  in  figure  4 assumes  the  correct  power  law  fit  of  figure  3 for  the  Seeon. 

currents,  the  charging  is  stopped  by  leakage  currents 
vhile  for  large  source  currents,  the  charging  is  Stopped  bj  secondSrrSwJoi 


r 

{j 


INTERNAL  FIELDS  — - MONOENERGETIC 

normallv  incident  sources 

to  understand  the  Internal  flelds'ln  the  Interest 

deposition  takes  place.  In  this  section  which  the  charge 

under  various  special  clrcJmstaLf^Jir  expressions  for  tUese  fields 

electrons,  the  LstoaarJ  laboMtoJy  foJfi^ur!??'®^^^?  normally  incident  source 
out  that  secondary  emission  oecurs^from  assumed  through- 

than  the  primary  deposition  layer  (ft  least  10" ®«eh  thinner  (M0‘“ 
region  will  appear  as  a surface  charge.  Positive  depletion 

calculated  by  SCCPoS^for^normally  Incidef?^  ‘deposition  and  dose  nrofiles 
Note  the  significant  spread  in  bofb  ^ -»^noenergetic  electro,  on  Teflon, 

throughout  this  s^tifrthft  ?hfsf  orLfrr^!i‘*T"^‘="®"' 

region  where  they  thermalize  and  that  all  trapped  in  the  Spatial 

tlon  Kchanlsms.  Currier  dynamics  will  be  dlecSsed^JXnS.''^* 


s«tte^°c^eiJ°e,j!;L‘’ttrS;cS“t^“JSni\rf  "J" 

J„“Vi'r°Sr“;re«  irthrdS:^*?'  remalns-ldenticiuy  «ro.  Sile"“*“ 

is  the  current  due  to  the  inSdent  elMMona“  Jn 

tivlty  (which  we  assume  may  deS  » ^ 

field  E is  given  by  ^ ° ^ ^ internal  electric 


E(x,t) 


J (x) 


fw  (‘  -“p 


(13) 


^terry^rir^rfu^eft  prffiiff°*'iipfo8f*'thfrf(®f  1*"“^^“^ 

tivity.  Under  these  condif'fnno  that  Is  the  aoiblent  conduc- 

indicating 

enough.  In  the  regions  of  Interest  current  were  large 

dominated  by  the  radiAt-inti  however , dielectric  conductivity  is 

trons)  in  tL  p^il^^yX™  iuXgJ^^^  V T 

form  (ref,  22);  * * This  conductivity  has  the  empirical 


a 

e 


p 


LpHiZ^uy^l  L"r‘r;  “■* » 

“perxraen tally,  A la  found  to  be  in  the  ranep  1/9  < a < 
contemporary  opinion  favoring  unity  as  the  correct  valS^  e--? 


(1-4) 


dose  rate  in 
1,  with 
Since  the  dose  rate 
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pe»de«Tj“  f™u‘g!«/bj  ^ *"'  ">*P‘«“'  “«W  l-rfe- 


-Tffa) 

eKpR(x) 


(15) 


shown  for 
.68  X 10”3 


where  R(x)  is  the  dose  profile  in  the  medium. 

Tpfinn^?«  spatial  dependences  of  the  field  and  chaire  density  are 

i/ke^Mnt‘faci’o/Jh  Inversely  with  Kp.  The  peak  field  appears 

^ dielectric.  The  potential  drop  AV  across  this  chLee 

the  ffieai°field  by  integrating  equation  (15).  It  is  related  to 

tne  mean  field  E by  E » (AV)d,  where  d is  the  thickness  of  the  charae  traDoln® 

wlthiYi  this  model,  the  value  of  the  conductivity  Lnstant  is 
determining  whether  the  fields  become  sufficiently  high  for  break- 
down to  occur.  Using  the  range  of  values  quoted  by  Wall,  et  al  (ref  19)  we 
computed  the  expected  range  of  fleld.’ln  thie^e^rffr^JrllpJon: 
and  Teflon.  These  results  are  shown  in  Table  !. 

fu  possible  exception  of  the  maximum  field  for  Kapton  ('vlO®  V/m) 

these  fields  are  nowhere  near  breakdown  fields.  One  mil  samples  of  the  three 
have  very  similar  breakdown  strengths  of  about  3 x lO^  v/m.  Further 
1000  I with  decreasing  thickness.  In  particular,  for  the 

- . ^ ^ charging  depth  of  this  problem,  the  maximum  potential  droo  of 

any  of  these  materials  under  the  given  irradiation  condition. 

The  time  required  to  reach  this  saturation  field  depends  on  the  incident 
current.  For  Teflon,  with  a 1 nA/cm2  (10-5  A/m2)  beam,  k!  - 1.68  f 

7 (Gy)"^)  23),  the  dielectric  ^laxatlon  time  t - e/a 

Y J''*®  oi  7.7  sec.  This  quantity  scales  Inversely  with  beam  current  and 
dielectric  conductivity  coefficient.  Thus,  the  smaller  value  of  Kn  quoted  In 
the  literature  (ref.  19)  (e.g..  Mylar)  could  have  relaxation  tlmes*^as  long  as 
? current  of  1 nA/cm2  (io-5  A/m2).  None  of  these  times  is 
especially  long  compared  to  laboratory  irradiation  times. 


"FEEDBACK"  CONTROLLED  CHARGING  BEAM 


For  this  case,  the  incident  beam  energy  and  current  are  constant.  A 
reasonable  assumption  is  that  the  secondary  and  backscatter  emission  are  also 

wS“b^idLi*‘r  constant.  (Note  that  this  type  of  experiment 

would  be  ideal  for  checking  this  assumption.)  The  primary  dose  and  charge 

‘*®  in  time.  These  simplifications  make 

the  problem  analytically  tractable.  If  we  assume  that  the  conductivity  is 

electric  field,  then  an  exact  solution  may  be  given.  The  method 
solution  requires  the  application  of  LaPlace  transforms,  a method  we  have 
used  elsewhere  (ref.  24)  for  a similar  problem.  This  solution  is  extremely 
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then^furthet  herein.  Instead,  we  note  that  If  » 0, 

then  further  simplification  occurs.  Corrections  to  the  solution  for  finite 

sentltion  of^^rLlitJ*^#  that  the  approximate  solution  Is  an  excellent  repre- 

HoJf  we  Anl  tltH  f?'  laboratory  configurations.  With  these  assump' 
cions,  we  find  the  following  expression  for  E:  ^ 


E(x,t) 


[•>„  - •>-<*)] 


a(x 


I [1  - exp(-  t)] 


(16) 


solution  does  not  depend  on  the  thick  sample  assumption.  If  we 
idenuSl  fharSvfr«ri‘J°"  ‘=*»®  ablation  is 


tZ  2:c^s:  ueSirT’  th.  bjr  ik. 

th!t  E Iv  ^ ^“1*^  conductivity,  so 

that  Ebulk  «ay  be  made  arbitrarily  large  by  increasing  the  Incident  current. 


^S»  ^BS 


At  the  front  face  J (0)  - (1  - Ybs)Jt  and  = (1  - - Y„  )Jt  where 

are  the  secondary*^and  backscattir  fields,  respectivlly.  ®fhus,*  at 


u - Jylk^  I.CIL  yXeXUSi 

saturation,  the  front  face  field  Eyp  is  given  by 


=*Fp 


Vi 

a(0) 


(17) 


f*®  currents  (>10  ® A/m^),  the  radiation-induced  conduc- 
dominates  the  ambient  conductivity,  so  that  0(0)  takes  the 
radiation-induced  value.  With  a conductivity  of  the  form  of  equailorfU)  we 

*"?®  ®“  arbitrarily  large  values  for  sufficiently  large 
currents  if  A <1.  For  the  case  that  A has  the  value  unity,  the  value  of  the^ 

sSke  S\r^(Jef®  current.  Moreover,  if  we  use  the  fit  of 

find  ^hfr^  ' ; ^®  ®a®o*«*ary  emission  yield  shown  in  figure  3.  we 

find  that  Epp  is  also  independent  of  the  primary  beam  energy.  This  occurrence 

values  given  in  Table  1.  These  occur  for  the  minimum  value  of  K^.  A use  of 
reLu“n'^!xe“«Sd;.“^  '"o™  *“  3 would 


6R0UNAE0  FRONT  FACE 


Another  case  of  Interest  occurs  when  the  front  face  of  the  dielectric  is 
coated  with  a thin  layer  (compared  to  an  electron  range)  of  conductor,  and  the 
conductor  is  grounded  to  the  sample  backside.  This  situation  also  effectively 
occurs  when  sunlight  is  present  on  the  sample,  so  that  a plethora  of  photo- 
electrons are  available  to  keep  the  sample  from  charging.  The  general  solution 
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•••obleni  has  been  given  by  us  elsewhere 

Sien  bj  ““““““  »owe«r?°Ks"nSl;irfom. 


E 


J - Jp(x) 


(18) 


(19) 


and  Jp(x)  Is  the  ptlmary  current  profile  in  the  medium.  From  equation 
we  can  see  that  the  abort  circuit  current  J_is  of  order  Jh(3r/6)?  where  ic  la* the 
mean  penetration.  Thua,  for  thick  aamplea-  J la  omall  compared  to  J ihe 
largeat  front  face  field  occurs  for  J - 0 and  has  the  valur^a  ro?V 
Specializing  to  the  case  where  conductivity  is  proportional  to^doie  rate^(oir 

“®“  aSeln'lndeSe«  onu”«t 

S^eSv  L™n®  f "?“«  'O'  electrons  In  Teflon  as  a function 

5^*  ^ 4 "Orally  incident  electrons,  the  surface  dose  also  has  this 

esaentiSi*^^®®^**!  for  increasing  energy.  Because  the  backscatter  yield  is 

<5l8“«  3).  Jp(0)  is  essentially  constant, 
inis  means  that  the  front  face  electric  field  is  an  increasina  function  of  the 

priory  beam  energy.  This  is  illustrated  in  figure  9 for  Teflon,  Mylar  and 

Slws  ^le  1.  A ci^p^Sirof  ?Le 

faio  K above,  and  in  sSetions  below,  shows  that  grounding  the 


"NORMAL"  CHARGING  BEAM 

torv  section  represents  the  conventional  labofa- 

5 condition  of  a monoenergetlc  notmally  incident  source  for  which 
the  source  energy  is  constant  in  time.  As  the  sample  charges,  the  incident 
electron  energy  decreases,  and  the  dose  and  charge  deposition  profiles  vary  as 
Illustrated  In  figures  5 and  6.  This  situation  Ippears  too™o5IllcatL  ?« 
5*mll  numerical  solution  given  by  SCCPOEM  for 

vlSd  oionL^li^i  V It  T'  secondary  yield  algotlthfl  used  takes  the 
?[_^®e?*^  ? ^°se  as  suggested  by  Burke,  et  al,  (ref.  21).  For 

normally  incident  electrons,  this  reproduces  the  power  law  fit  given  in 

Jiff  2?)  ccnductlvlty  was  taken  from  the  data  of  Adamo  and  Nanevlcz 

with  a coefficient  of  - 1.68  x IQ-S  (Rads)-l  (1.68  x tU  llh 
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With  these  Inputs < it  is  found  tlmt  the  surface  charges  to  the  voltage 
given  in  figure  4.  The  time  dependence  of  the  voltage  and  current  histories 
are  qualitatively  similar  to  the  data  presented  by  Purvis,  et  al.  (ref.  18). 
Quantitatively,  the  calculations  ehow  a slower  charging  than  the  data,  and  the 
calculated  saturation  current  is  far  less  than  measured.  As  noted  by  Purvis* 
e|^.  (ref.  18),  these  discrepancies  are  probably  due  to  capacitive  fringing 
effects  and  surface  leakage  current.  Artificially  decreasing  the  capacitance 
and  Increasing  the  bulk  conductivity  gives  solutions  which  adequately  repre- 
sent the  deta.  * r 


Shoym  in  figure  10  is  the  time  dependence  of  the  electric  field  profile 
or  a 12  keV  (1.92  x 10”15  j)  l nA/cra^  (10"^  A/m^)  charging  beam.  It  should 
be  noticed  that  the  front  face  field  is  already  at  its  saturation  value  at  the 

sec).  The  bulk  field  evolves  to  its  final  value  as 
y/O,  where  V is  given  by  the  external  charging  variables.  Shown  in  figure  11 
is  the  saturation  field  in  Teflon  as  a function  of  the  primary  beam  energy. 
Note  that  the  field  near  the  front  face  is  identical  for  all  the  charging 
energies,  while  the  magnitude  of  the  bulk  field  reflects  the  equilibrium 
voltage  shown  in  figure  4. 


It  certainly  makes  sense  that  the  fJ''.lds  near  the  front  face  are 
identical,  because  as  eacternal  saturation  is  reached,  the  incident  electrons 
take  on  very  nearly  the  same  energy.  For  later  time,  this  corresponds  to 
constant  Jq,  dose  and  charge  deposition  profiles.  The  solution  is  then  easy 
to  demonstrate  explicitly  by  using  the  internal  equilibrium  Condition  J = J 
but  will  not  be  pursued  further  here.  What  may  perhaps  be  more  surprising  to 
the  reader  is  that  the  value  of  i.he  front  face  field  shown  In  these  figures 
is,  in  fact,  a much  more  general  result.  This  will  be  shown  below  after 
discussing  several  further  excmp.'es. 


INTERNAL  FIELDS  — OTHER  SOURCES 


The  charging  conditions  which  can  occur  are  more  general  than  those 
dlscussc-4  above.  These  include  the  complications  due  to  angular  dependence  in 
the  source  spectrum,  as  well  as  energetically  distributed  sources.  While  our 
charging  geometry  is  much  less  realistic  for  these  more  general  source  configu- 
rations, it  is  Instructive  to  briefly  Indicate  these  effects. 


MONOENERGETIC  ISOTROPIC  SOURCE 

Shown  in  figure  12  are  the  voltage  time  histories  of  5 mil  (1.27  x 10“^  m) 
Teflon  subjected  to  normally  incident  and  isotropically  incident  20  keV 
(3.2  X 10-15  j)  electrons.  The  saturation  electric  fields  are  compared  in 
figure  13s  The  Isotropic  source  charges  much  more  slowly  and  reaches  a 
significantly  smaller  voltage.  This  result  occurs  because  both  the  backscatter 
and  secondary  yields  are  significantly  higher  for  the  isotropic  source. 
Internally,  the  fields  close  to  the  front  face  evolve  slowly  (following  the 
voltage  curve  of  figure  12).  Note  that  the  front  face  field  for  the  isotropic 
source  is  Identical  to  the  front  face  fie.ld  for  normall/  incident  sources. 
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ISOTROPIC  MAXWELLIAN  SOURCE 


We  have  com{>uted  the  electron  transport  for  a 10  keV  Cl  fi  v 
ctarg.  to  a fa«  volts 

a'^d'po"  1 


non- 


i»t.wi!iKAl.  FRONT  FACE  FIELD 


of  clrcuLSS“r"Sg:«:  a"SeSa'?Ly°of“hlf"vaJ  ‘ 

^Siag“o^iti‘"'’'i.T  ““?•  "’''■  -SwaSS»sXinjr“'”“* 

gto„^S,“1S‘Mf  artificially 


3E  , ^ 

Tt 


-J  - J(o.t) 
e 


(20) 


For  the  case  of  vanishing  tank  capacitance  (C  =01  T = T Tho  « a.  j 
the  dielectric  consists  of  the  primary  current  J and 

OE.  At  the  surfaea  T t /'r,\  ^ t ^ current  jp  and  the  conduction  current 

ace  Jq  Jp(o)  = -Jgg,  so  that  equation  (20)  becomes 


dt 


(o,t)  + E(o.t) 


(21) 


J«t'’L‘1r'^p“rirl°?o1hf ‘f-'»-ttar  cur- 


E(o,t)  - (^)(1  - exp[-K  D(t)]) 


(22) 


Thus,  the  field  takes  on  a value  determined  only  by  the  dos 
a universal  material  dependent  value  (o/eKp) . This  value  1 
Table  1 and  Is  Independent  of  the  charging  spectrum  and  tl 


and  saturates  to 
that  given  In 
history. 
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field  DEPENDENt  PRImarV  TRANSPORT 

?LM«-  ‘-Pon. 

this  easy  to  uftdetaJx.  * completely  negligible  a electron  motloA. 

P»er  f..  Xo«,  electron 


CONCLUSIONS 


A . ^ ^ 


e 


sunlight  effects 
thermal  effects 

• Ionic  effects 

• effects 
|.condI^  llsSm  ertS 

: . -oa 

r„iss“- 

ESiP^'S  SI  nr- ■• 
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Sii.£s"S-S3s?“’^^^ 
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that  a model  Utlllzlttg  direct  empirical  data  has  a major  advantage  over  a more 
fundamental  approach.  Typically,  the  quantities  which  are  required  for  a 
kinetic  approach  are  very  poorly  known.  The  empirical  conductivity  data,  while 
reflecting  all  these  more  fundamental  quontltlea,  has  the  advantage  of  being  a 
direct  measure  of  the  relaxatlo..  phenomena.  If  used  in  the  proper  domain,  the 
only  uncertainties  are  the  direct  uncertainty  in  the  conductivity  measurement 
Itself.  The  major  uncertainty  of  principle  is  the  domain  of  applicability.  A 
good  way  to  determine  this  domain  is  to  use  the  model,  make  predictions,  and 
compare  to  experiment.  We  have  chosen  this  path.  Indications  are  that  the 
model  is  satisfactory  for  reasonably  thick  samples  with  fields  not  too  near 
breakdown. 

Dielectrics  subject  to  electrical  stresses  undergo  persistent  change  over 
very  long  periods  of  time  (many  years) . This  type  of  effect  is  completely 
beyond  the  scope  of  our  present  model. 

Within  the  above  constraints,  the  model  provides  a simple  and  effective 
tool  for  cennputing  Internal  fields  and  charge  dsnsitles  in  electron-irradiated 
dielectrics.  Our  computations  to  date  indicatu  the  following: 

• At  low  charging  currents,,  the  final  voltage  is 
limited  by  bulk  conduction,  while  at  high  currents, 
the  voltage  is  limited  by  secondary  emission. 

• Normal  charging  gives  rise  to  a field  reversal  layer 
as  suggested  by  Meulenberg  (ref.  12)  but  does  not 
appear  to  give  breakdown  level  fields  at  the  surface.- 

• Charging  with  normally  Incident  electrons  under 
conditions  in  which  the  voltage  is  secondary  limited 
gives  rise  to  similar  field  profiles  near  the  front 
face  Independent  of  charging  energy. 

• Secondary  limited  charging  gives  rise  to  a "universal" 
material  dependent  front  face  field. 

• Grounded  coatings  on  the  front  face  decrease  the  bulk 
field  but  give  rise  to  enhanced  fields  at  the  front 
face. 

• Strong  internal  fields-  can  arise  even  in  low  vol-tage 
positive  charging  environments. 

• Angular  distributions  of  monoenergetlc  electrons  give 
less  severe  Internal  fields  than  normally  incident 
electrons . 


The.  key  asaumpUorts  which  give  rise  to  the  above  conclualohs  are 


The  Independence  of  the  aecondary  yield  oft  charging 
condltlona  (dependence  on  only  the  Incident  election 
spectrum) . 

The  proportionality  of  the  secondary  emission  current 
to  the  dose  rate. 

The  use  of  the  empirical  conductivity  model  of 
equation  (14)  with  d 1. 

The  value  of  the  empirical  transient  conductivity 
constant  K . 

k 


We  note  some  experiments  which  may  be  performed  to  test  our  conclusions 
and  some  of  the  assumptions: 

e "Feedback”  controlled  experiments  can  be  used  to  check 
the  constancy  of  the  secondary  emission  current. 

• High  current  "non-charging”  beams  may  be  used  to  check 
the  linearity  of  the  transient  conductivity  with  dose 
rate. 

• Charge  density  interrogation  experiments  of  the  type 
suggested  by  Sessler,  et  al.  (ref.  28)  may  be  performed 
to  directly  compare  to  predicted  charge  densities. 

e Grounded  front  face  experiments  may  be  performed  to 

compare  to  short-circuit  current  predictions  and  check 
for  breakdown. 

• Very  thin  sample  experiments  can  be  performed  with  con- 
ventional measurements  to  check  the  influence  of  Internal 
charge  location  on  external  variables. 


We  believe  experiments  of  the  above  type,  coupled  with  a detailed 
investigation  of  carrier  kinetics  restrictions,  should  lead  to  further  under- 
standing of  the  dielectric  charging  process. 


We  are  indebtad  to  Dr.  J.  V.  Gore  for  numerous  discussions,  as  well  as 
certain  of  the  calculations  which  appear  herein. 
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TABLE  1.  range  OF  VALUES  OF  PEAK 
ELECTRIC  FIELD  FOR  NON-CHARGING  BEAM 

Range  reflects  spread  in  quoted  values  of  the  Transient 
Dielectric  Conductivity  Coefficient  K (ref.  19). 


MATERIAL 

peak 

ELECTRIC  FIELD 
(x  106  V/m) 

MEAN 

ELECTRIC  FIELD 
(X  106  V/m)  j 

POTENTIAL 

DROP 

(volts) 

TEFLON 

0.11  - 5.5 

0.06  - 2.9 

0.007  - 0.372 

MYLAR 

52.  - 61. 

28.  - 32. 

3.5  - 4.1 

KAPTON 

1.8  - 92. 

1.0  - 49. 

0.1  - 6.2 

DIELCCTRIC 


backscai ver 

CURREKT 


SOURCE 

CURRENT 


FREE  SPACE 


INCIDENT 

PRIliARV 

CURRENT 


MEAN  DIELECTRIC 
CURRENT 


FIGURE  1.  ONE-OIMENSIONAL  CHARGING  MODEL 
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TIELD  (e/e) 


hLL  . secondary  yields 

NORMALLY  INCIDENT  ELECTRONS  ON  TETLON 
SOURCES  ARE  CITED  IN  THE  TEXT. 


J6  (ANP/NETER> 


FIGURE  4.  SATURATION  CHARGING  VOLTAGE  FOR 
NORMALLY  INCIDENT  ELECTRONS  ON  TEFLON  AS  A 
FUNCTION  OF  THE  CHARGING  CURRENT  DENSITY 
TIMES  THE  DIELECTRIC  THICKNESS 


ao*"  ■} 


FIGURE 


S.  CHARGE  DEPOSITION  PROFILE  IN  TEFLON 
FOR  NORMALLY  INCIDENT  ELECTRONS 


wcnONs  O0‘*  ■) 


FIGURE  6.  DOSE  PROFILE  IN  TEFLON  FOR 
NORMALLY  INCIDENT  ELECTRONS 


'n 


©ISTMWCB  aO**’  m) 


60  soo 


XOO  sec 


ISO  sec 


teflon 

86AN  ^NCRCr  12  keV  ^ 

(1.92  X jj 


FIGURE  10.  TIME  HISTORY  OF  THE  ELECTRIC 
FIELD  PROFILE  IN  TEFLON  - NORMALLY 
INCIDENT  12  keV  ELECTRONS 


DISTANCE  aO“®  m) 


Ej  ■ 8 k«V 


B.  ■ 10  k«V 


Bj  • 18  k*V 


8 mil  TCTLON 
BOANAL  INCtDCNCC 


Bj  • 30  k«V 

X..J 


IN  5 electric  FIELD  PROFILES 

IN  5 mil  (1.27  X 10  4 m)  TEFLON  - NORMALLY  INCIDENT  ELECTRONS 


Voltaee  (Volts) 


10  20  30 
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FIGURE  12.  CHARGING  VOLTAGE  TIME  HISTORIES  FO 
NORMALLY  INCIDENT  AND  ISOTRORIC  20  keV  ELECTRON 
ON  5 mil  TEFLON 


FIGURE  13.  COMPARISON  OF  SATURATION  ELECTRIC  FTPl  i 
FOR  NORMALLY  INCIDENT  AND  ISOTROPIC  20  keV  CHARGII 

~ 5 mil  TEFLON  - 


PROFILES 

SOURCE 
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THE  CALCULATION  OF  SPACECRAFT  POTEHTIAL  - 
COMPARISON  BETWEEN  THEORY  AND  OBSERVATION 
H,  B.  Garrett 

Air  Force  Geophysics  Laboratory 


SUMMARY 


A simple  charge  balance  model  based  on  the  vork  of  DeForeet  has  been 
adapted  for  the  calculation  of  spacecraft  potentials.  The  model  is  calibrated 
with  AIS'5  plasma  data  from  the  University  of  California  plasma  estperlments. 
Once  calibrated » (die  model  Is  used  to  calculate  the  time-varying  potential  that 
Is  observed  as  a spacecraft  passes  In  and  out  of  eclipse.  SiTors  on  the  order 
of  ^00  volts  are  observed  over  a range  of  0 to  -10.000  volts.  Possible  appli- 
cations of  the  model  to  large  space  structures  are  discussed.  Of  special 
Interest  Is  the  unique  use  of  eclipse  observations  to  test  the  spacecraft 
charging  model. 


INTRODUCTION 


The  calculation  of  the  potential  on  a satellite  Immersed  In  a plasma  Is. 
at  best,  a difficult  problem.  In  particular,  the  accurate  prediction  of  the 
potential  on  a spacecraft  In  the  space  environment  requires  the  simultaneous 
calculation  of  the  paths  of  all  charged  particles  In  the  vicinity  of  the  space- 
craft. In  principle  this  Is  possible.  In  practice  It  Is  not  feasible  and  a 
variety  of  techniques  have  been  developed  to  simplify  the  problem  (see.  for 
example.  Whipple.  1965  (ref.  1);  Rnthwell  et  al. . 1977  (ref.  2);  Laframbolse 
and  Prokopenko.  1977  (ref.  3);  Parker.  1977  (ref.  4)  and  references  therein). 
Althou^  capable  of  an  accurate  treatment  both  in  time  and  space,  these  models 
are  limited  In  usefulness  as  they  require  large  amounts  of  conqiuter  time  or  do 
not  Include  all  of  the  various  current  sources  necessary  to  simulate  the 
charging  phenomenon.  This  paper  describes  an  approximate  solution  to  the 
problem  that  yields  spacecraft  potentials  by  making  assumptions  ^ich  are 
equivalent  to  the  "thick  sheath"  probe  solution  for  a sphere.  Though  similar 
models  have  been  developed  by  Rosen  (1975)  (ref.  5);  Massaro  et  al.  (1977) 

(ref.  6);  Inouye  (1976)  (ref. 7),  and  Purvis  et  al.  (1977)  (ref.  6),  none  have 
included  the  actual  measured  spectra  In  their  calculations.  The  model  to  be 
described  In  this  paper  uses  actual  ATS-5  data  and  Is  adapted  from  methods 
originally  developed  by  Whipple  (1965)  (ref.  1)  and  DeForest  (1972)  (ref.  9). 
Tho  model,  limited  somevhat  in  Its  range  of  applicability  to  potentials  of 
-10.000  volts  and  plasma  temperatures  between  50  eV  and  30  keV.  results  In 
significant  savings  in  computer  time  over  more  complicated  models. 
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In  tho  first  part  of  this  paper  the  model  will  be  formulated.  The  indl- 

Resented  and  approximations  as  a function  of  satel- 
lite potential  developed,  fhe  model  is  calibrated  using  actual  ATS-5  obset- 

used^to  «f  f examples  will  be  discussed  in  wliich  tlie  model  is 
used  to  study  the  effects  of  the  time-varying  geosynchronous  environment  and 

of  a time-va^ing  photoelectron  flux  on  spacecraft  potential.  Applications  of 
the  model  will  be  briefly  discussed,  FF*i.catj.onB  or 


MODEL  FORMULATION 


In  solving  the  spacecraft  charging  problem, 
the  spacecraft  potential  0 such  that 


we  are  concerned  with  finding 


Je  - + ^se  -^sl  + ‘^BSe  “^ph^  “ 0 (1) 

vrtiere  Jg  = Incident  electron  current 
® Incident  ion  current 

‘^se  “ Secondary  emitted  electron  current  due  to  Jg 

'^sl  “ Secondary  emitted  electron  current  due  to  Jj 

“^BSe"  Sack  scattered  electron  current  due  to  J 

e 

"Iph  “ Photoelectron  emission 

Given  the  incident  ion  and  electron  particle  spectra,  the  currents  J , J,, 

SI,  and  Jgse  are  found  and  adjusted  by  varying  the  potential  on  tiie^suacecraft 

»e  vlll  outltno  methods  o£  calculating  the  currents  as  a functlonLf  potential. 


ELECTRON  AND  ION  INCIDENT  CURRENT 


electrostatic  analyzers  and,  instead  of  the 
istribution  function  f (V)  as  a function  of  velocity  V which  is  normallv  na«d 
‘'^^«“J«Jlons,  these  detectors  return  the  differential  energy  flux, 
__1 — ).  s,  it  is  convenient  to  express  the  Integrals  necessary  to  obtain 

the  various  currents  in  terms  of  the  energy  E and  d(EF)  rather  than  f(V)  and  V. 

dE 

The  conversion  from  f to  d(EF)  is  given  by 

dE 
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f - dCEPi 


(2) 


E2 

tAere  the  conversion  factors  (Kg  and  Kj)  are.  If  f Is  given  In  sec^/km®.  _d(EF) 
In  ergs/cA^  sec  ster  eV,  and  E in  eV; 


Kg  “ ,1617  for  electrons 
Kj  ■»  5,45x10^  for  Ions 
As  ^NF>b  £(V)  dV 

nils  gives 

^NFe>  » Kg  / d(EF)  I dE 
cffi  /e  E 


<NFj.>  - Kj  / d(EF)j  ^ 
dE  'I  E 


(3) 

(4) 

(5) 


lAere  Ae  results  are  left  in  terms  of  the  number  flux  rather  than  actual 
current  densi^  J (J  « ffq  <NF)  , where  q is  the  charge  on  a particle).  The 
values  of  d(^>  must  be  shifted  by  an  energy  equal  to  the  desired  potential 

before  the  integration  (see  Garrett,  1978  (ref.  10)  for  details).  In  the 
actual  case  an  interpolation  is  necessary  as  the  desired  Value  of  d(EF)  for  the 

dB 

shifted  spectrum  usually  does  not  correspond  to  an  observed  value  of  d(EF). 

dE 

^rther,  as  the  ATS-5  data  correspond  to  discrete  energy  bands  for  the  range 
5 e to  51  keV,  the  Integrals  become  sums  (dE  becomes  AE)  over  this  range. 

f,“f^cate  that  these  approximations  are  adequate  for  a range  of  50  eV 
to  jO  keV  in  temperature  and  0 V to  -10,000  V in  potential.  * 


SECONDARY  EMISSION  rURRENTS 


Electrons  and  ions  striking  the  satellite  surface  are  either  scattered  off 
the  surface  or  cause  the  emission  of  low  energy,  secondary  electrons. 


Secondary  emission  Is  usually  given  In  terms  of  the  Incident  differential  cur- 
rent density,  dJ<  , dJj  Is  related  to  d(EF)  by 
dE  dE  dE 

^*^1  " qTf  d(El,0  (5) 

dE  E dfi 


(the  qtf  factor  will  be  dropf>ed  In  future  discussions). 


For  secondary  emission,  the  amount  of  secondary  current  emitted  for  a 
given  Incident  flux  Is  repressed  as  a ratio  S (^) : 


^(E)  = dJs  (E) 
dJi  (E) 


(7) 


vhere 


^(E)  s the  secondary  electron  yield  function 

dJg  B differential  secondary  current  density 
di” 


dJ^  B differential  Incident  current  density 
di” 

From  equations  6 and  7 

d Js  (E)  = ^(E)  d£i  (E)  » ^ (E)  d(EF) 

dE  dE  ^ dE 


The  normalized  differential  current  spectrum,  g(E'),  of  the  secondary  electrons 
Is  approximately  Independent  of  the  Incident  particle  energy  and,  for  aluminum, 
given  in  figure  1.  Multiplying  g(E*)  by  the  secondary  current  density  Jg(E) 
gives  the  differential  current  density  of  secondary  electrons  due  to  particles 
of  energy  E as 


dJ  it*  E)  • g (E*)  Jg  (E)  (9) 

di^ 

This  Implies  that  the  total  current  density  is  given  by 
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(10) 


«(®  ) peaks  sharply  &t  ^ o » 

t.  pre.e«ed  1„  3“^  <«*•  «>  for  B*  „v«  the  =oe^^  r^ge^  S?e?.“.t 

nd  Integrated  using  the  ^PProprlai^  (10) 

secondary  emission  currem-o  ^ , e.  obtain  the 

2KS%ttarj?®Ae  ^suiS'lTa  eSre^’f  the 

to  Ions  results  In  electron  current  while  thf  * approximately 

Incident  Ions.  As  wlll^J^lr 


BACKSCATTfiRED  ELECTRON  CURRENT 


to  the  becksc.tt.rea 

<^«herr(lJioT^,f‘Sj*  ^oorlee  Of  =oUt^1  ««tJr“irLr“  *“ 

mental  curves  for  Uat.v  nsefol  in  predicting  *?!».»  such  as  those  of 

Deforest  a972)  Lir  j^^^^  «^issioh  from  ®!f"®“t.  exparl- 

“*•  "*  ""*“  *«  »f»«.  ?«’oo^f^*elS,!*“*  ■>**!^.“.d 


a»  beelc  eqeatio.  for  beckecectert.*  1, 


*^BSe  * 


(11) 
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v^ere 


E ® energy  of  backscattered  particles  (E*j;  E) 

E “ energy  of  Incident  particles 

B(E  ,E)  o percentage  of  electrons  scattered  at  a given 
at^e^r^  E*  ^ result  of  an  Incident  electron 

Jl(E)  » Incident  current  (electrons  In  this  case) 

From  Stemglass  (1954)  (ref.  12) 


B(E*,E)  « g(eVei 
E 


(12) 


G Is  given  as  a function  of  K 
figure  4 for  aluuinum. 


E*/E 


(DeForest,  private  consnuiilcatlon)  In 


Continuing,  equation  11  becomes 


•^BSe  " 


(13) 


Substituting  the  proper  uelues  of  ^ in  eguetlou  as)  and  perforis- 

pS  electron.. 

potential.  ^ 19  It  the  energy  shift  due  to  the  spacecraft 


PHOTOELECTRON  EMISSION 


the  eJmon”S^iniL«oM°  »P«ecraft  causes 

particles  andlf pr^enerj^owif^^fuell  f r'"" 

vlth  the  amission  characteristics  of  various  substances  to  ^ve^tirphoto-™” 
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dweloped  eoraun^atlott)  hop 

electron  current  ae  a (uncttM  “>®  Plwta- 

potentlal  all  cf  the  phetoelectrcaZZ”  ?ZeTZ 


(14) 


' »n|S  Zr'arorZZZLtZ"  1c«“‘‘*,*'  *' 

Ing  that  we  will  be  concerned  wlth^nJoi^I  eJ  examples  of  charg- 

Jpo  - 0.  Ihe  charLnr^d2?  Ji  involve  shadowed  surfaces,  In  which  case 

uSed  in  a later  eefL^n^o 

i-iwate  cne  vaiUe  of  Jp^  appropriate  to  ATS-5. 


COMPARISON  WITH  DATA 


nlii  acZi'ZZ^Z^s?*  ^ oet''o?  ^Ja  Sl'‘’Z‘°‘“‘ 
for  periods  immediately  before  and  af^r»,.  spectra  from  AXS-5 

periods  were  selected  as  they  can  be  used  earth's  shadow.  These 

variation,  (on  the  order  of^tteW  Z eZ  P-tentlal 

flinc.  Table  2 lists  the  eclipses  scudleH  ans  *.u  ®^^^****®be  Che  photoelectron 
the  eclipses o potentials  observed  during 

spherZ'l\Zha^‘(:°Z?t‘  ®“  '’®  »* 

keeping  to  the  spirit  ofa  "sZuSZaZZ  analysis).  Howeyer. 

mated  as  an  aluminum  sphere  Fiaim  s 2^^  *^del,  the  satellite  was  approxi- 
discrepanciesTt^Sroise^S  !nd  T calculations, 

by  adjusting  the  magnitudes  of  the  secottdarv'^t  *>een  corrected 

one  by  a constant  cLectlonlactr "r^ve^a^L  -Uiplying  each 

(the  backscattered  flux  is  directlv  nr«n,.n?ed  i f least  squares  sense 

so  that  determining  its  coefficient  is  ^**®^‘*®"*^  electron  flux 

slight  errors  in  the  actual  m^sSLent  o?  ?f  it  may  reflect 

several  assumptions  end^ZZZr^esrai.%^^Znr?:^u^^eX1d“ 


>K)DEL  APPLICATION 


geo^L^J  plMM°ZZdZlopS  5^cZSt“i977)'(Z'°i?)""? 

used  to  predict  potentials  on  spac^crsl^  asTZc^ir  o^^^S;  Zen 


satellite  local  time.  It  also  Is  employed  to  calculate  the 
potential  on  a spacecraft  as  It  passes  Into  and  out  of  the  L?S?s 

sytichroSus  slmulatlon^moderof^Garr^  **Ura977)^for^mod2r^t^°*^ 

functloS  Si™  ''•*  distribution 


fo  (E)  - 


27.2^  N 


® ) 

' 1 nriA  f 


■3/2  -S/He 
e 


-3/2  -E/T2 

+ »2e  /^•Z,  ■ 

' 1000  ' 


and  for  ions 


ft  (E)  = 2.14x10^  Nil  |Tli  j e 

1000  ’ 


+ n2j  T2i 

' *1  9 


-Zll  -E/T2, 
e 


where  Nl^,  N2g  = electron  number  densities  (n/cm3) 

Tie*  T2^  “ electron  temperatures  (eV) 

Nil,  N2i  = ion  number  densities  (n/cm^) 

Til,  T2i  ® ion  temperatures  (eV) 

te.uS“th:  XliSrinnlS’  a.  a 

“®®  the  model  is  in  the  determination  of  the  potential  as  a 
spacecraft  passes  into  the  earth  »s  shadow,  Ihe  ecllnae  I ?, 

Sier  - ^jiSseriis  roTr" 
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A S 5 for  2 atnospherle  oiodels  are  lllusttated  lA  figure  7.  The  reeultina  J 

S.~ 

Figure  8 shows  the  observed  and  predicted  potentials  as  ATS.« 

MSiSl*!*  thetr  d«rtattJS.%r2!*thS*Si2JS 

low  potential  day  indicate  either  a need  to  Include  sheath  effects  or  rtlt 

approximation  Is  Inaccurate  for  low  ( £ 100  V)  ^ 
any  event,  this  method  of  testing,  by  comparing  the  observed 
and  predicted  potentials  as  the  photoelectron  flux  **s  varied  nhnnid  «. 

^tar^rful  tool  for  coo,«t.on  »ia.  other  .peoocjaft  ohS4^*niS  So 

latloM'^®“c^Sd!^inr^J^i.^®  valid,  it  can  be  employed  In  a variety  of  slmu- 
latloM.  Considering  that  a photoelectron  current  Is  In  most  physical  reSoact-fl 

entlcal  with  an  electron  beam,  the  model  can  test  the  effects  of  charaed 
^ ~ satellltaa.  Ukataa.  a.a  data  ai^.lofad  la  «uSnSg  SfSS  caa 
be  used  to  test  other  models  of  beam  phenomena.  Although  the  saline  of  our 

Structures  may  be  somewhat  dubious  quantitatively.  It  Is  clear 

(S^en’thf  Z^dT""  "®®  structure  by  nodes  Which  must  meet  equation 

^ ^ predict  the  potential  at  each  point  on^the 

Lt^thL°5  structure  as  it  enters  eclipse.  When  this  is  done.  It  Lrns 

varying  potential  gradients  due  solely  to  different 


CONCLUSION 


(1972)  Whipple  (1965)  (ref.  1)  and  DePorest 

plasma  data*  ke^Mdel*J/d4®J?'^®‘^^*«  WSs  calibrated  with  ATS-5 

covarad  vldi  actua!  obaarvattaM.  Tha  JawlSa 
Indicate  agreement  between  the  predicted  and  observed  values  Ihe  mndei  ie 

to*nredlet”^“"®*^^®“#'^‘*  ® simulation  of  the  geosynchr^us  environmLt 
spacecraft  potentials  under  different  geomagnetic  and  local  time 

ac“racT^a?tU:‘«Vo“oT’ 

ta«a  t.  afflclLt  in  coSSIa^J  J;r  c^.pl«  «”al7 

par  patantlal  calcnUtlon.  rORmN  pr.*r<me  ara  ^iSbU 
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TABLE  1 


Author 

Saturation  Current  (n  AniDa/era^) 

Grard  et  al.  (1973)^^ 

4.20 

(Aluminum  oxide) 

3.00 

(Indium  oxide) 

.40 

(Graphite) 

DeForeet  (1972)^ 

.82 

(ATS- 5) 

Whipple  (1965)1 

3.00 

(Rocket-aluminum) 

TABLE  2 


Date 


UT 


Potential 


1969 

22  Sep 

0629 

0731 

16  Oct 

0627 

0711 

1970 

12  Sep 

0631 

0718 

15  Sep 

0626 

0721 

17  Sep 

0623 

0723 

19  Sep 

0620 

0724 

26  Sep 

0724 

17  Oct 

0630 

0659 

18  Oct 

0633 

0650 

19  Oct 

0640 

0648 

-3400 

-3810 

-5360 

-3810 

-2420 

-1730 

-877 

-1540 

-5360 

-3040 

-2720 

-1940 

-2170 

-1230 

-2170 

-397 

-316 

-396 

-558 
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Figure  9.  • Observed  and  piedicled  (average  ol  sunlit  and  eclipsed 
spectral  potentials  for  eclipse  entry  of  AFS  b on  day  66.  1976, 
and  echpse  exit  on  day  69,  IQ/o. 
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ABSTRACT 


satellUe  '“"“'“I  ‘ha  potential  of  the  loEt-1 

mentioned.  c o o e ectron  beam  emission  on  other  experiments  is  brieflj 


INTRODUCTION 
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of  the  elLtrio  probe  electric  field  measurements.  The  scientific  aim 
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SYMBOLS 

current 

voltage 

electron  current  collected  by  a conductive  body  in  a plasma 
value  of  at  the  plasma  potential 

photo  electron  current  collected  by  a conductive  body  in  sunlight 
electron  gun  current 

potential  of  the  spacecraft 
plasma  potential 


accelerating  voltage 
potential 


of  gun  electrons  with  respect  to  the 


spacecraft 


EXPERIMENTAL  TECHNIQUE 

Figure  1 illustrates  the  structure  of  the  electron  tnin  R)  wu 

Sd“S  “ee“LV?or'‘tL°“?  muc;'L‘ZS^i:‘^Sa 

fJom^Shi^  ^ tungsten  impregnatercaLodI  developed''brPhilipr(ref^  9)^"^ 

cTr:^L:jro?\bI  -?b“L1er“  Suy^ 

opened  at  — ay. 


.-miasilr™  IpMucraJrpotoStfr  ‘?  '•'“° 

structure  uhicli  could  be  biaood  (notentiol  to  a metallic 

lation  is  called  Va  ) with  reanofit  tr,  ^ structure  during  the  sirau- 

a vacuum  chamber  (dfameter  3 m lenrtli  f J r'  V 1^ 

results  shows  that  the  beam  current  falls  off  summarizes  the 

volt  and  that  at  low  euerS^er^W  ii  .nf  t ^ ^iT  P«r 

=-:rpirtTo  =o‘" 
wails VrS*  :hUbe%“afL?“1ifran“s!''^“‘°‘- 

in  ord“%r:fifmr‘°:tii^“  StS-ro%tinit“r:rrsiL“"^^ 

sir^^'iarimpl^eSef  specification  on  the  spacecra?^ 

the  skin  is  essentially  an  eaui-^otfcnt  •;  f -p  project  with  the  result  that 

approximately  io5n/a  ) Potentials  surface  (surface  conductivity 

body  and  the  probes  at  th;  IT,  I ^ ^ li^ea^nred  between  the  satellite 

wiS  be  3Jown"^rftL  Lit  sect iL  L r”"’  as 

probe . fc  ao  section,  can  be  considered  as  a large  collecting 

jrield.°”lLr;.:e^^ 

300  ki  to  tharthLplSmSL  ” perigee  at  about 

crossed  successivf-lJ  magnecopause  and  ^he  bow  shock  are 

7th  November  1977  startinc''STr”*on^h  obtained  on  the 

meaguremeots 

is  repreLn^fuLLLtLeL^  L""  a ^ 

tage  reference  irtiitLr^f  a i^ction  of  potential  in  figure  U-  the  vol- 
thf  b;S;T  LpLiln^.^  h ui.dxstu.rbed  plasma  at  large  distan.er  from 
emission  rate  is  low  I ^ collected  in  shadow  or  when  the  photo- 
current? ’ represents  the  contribution  of  the  photoelect^on 


Plasma  Potential  Measurements 

ac  con“^triSrL\SSir\robcs"w?Jh\\"  ’>» 

swept  rather  than  their  volti/rp  Tn  ^ ^ ffererice  that  their  current  is 
potential  has  a clear  sir na(  ure  indio^^^  probe  through  the  plasma 

electron  curreL  emUtod  iLn  ® sudden  change  in  the  photo- 
current oribo^i  ?60  nl  ^ 

Plasmu  potcntiul  for  ta  eonc?d\"dt”r:. 
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Spacoeraft  Potential  Control 


1 The  spacecraft  potential  is  measured  between  the  satellite  body  and  one 

( probe  biased  to  be  slightly  positive  relative  to  the  plasma  potential. 

# Figure  5 a,  b and  c show  the  variations  of  the  spacecraft  potential  aid  the 

field  signals  for  3 different  values  of  the  emitted  gun  current « as  a 
:j  function  of  the  energy  of  the  beam.  The  accelerating  beam  voltage  Vj^  is 

at  the  left  of  the  figure  and  is  stepped  down  automatically  by  steps 
of  1.6  Volt  from  Uo.8  V to  .58  V.  The  time  necessary  to  step  from  one  level 
of  energy  to  the  next  may  vary  and  the  arrows  indicate  the  times  when  the 
beam  energy  is  equal  to  8.6  eV  and  cm  be  used  as  reference  points.  As 
mentioned  earlier  the  sinusoidal  signal  representing  the  electric  field  is 
*1®*  affected  by  changes  in  beam  energj'  or  in  gun  current.  (The  spikes 
appearing  regularly  are  due  to  the  sudden  change  in  potent isUL  of  the  probes 
as  they  pass  in  the  shadow  of  the  spacecraft). 

When  tne  gun  cuiren+  is  set  at  120  yA  (fig.  5 a)  the  spacecrafe 
potential  follows  closely  the  beam  energy  down  to  an  energy  of  8.6  eV  where 
the  gun  looses  its  control  of  the  potential.  At  this  energy  and  lower, space 
charge  effec..s  limit  the  emission  of  the  gun  as  was  observed  during  the  tests, 
and  as  is  shown  in  figure  2 for  20  V.  A detailed  examination  of  the 

; \ voltages  inaeed  shows  that  decreasing  the  beam  energy  from  1»0  eV  to  15  eV 

chajiges  the  spacecraft  potential  by  only  23  V giving  a ratio  of  .92  for 
Vge/  As  will  be  shown  in  figure  6 this  is  due  to  the  fact  that  beam 
electrons  are  not  monoenergetic  but  have  a spread  in  energy  Etround  i mean 
value.  When  the  gun  current  is  set  at  60  yA  (fig.  5 b)  a modulation  of  the 
spacecraft  potential  at  twice  the  spin  frequency  appears  for  high  values 
of  the  beam  energy;  the  modulation  disappears  betwen  2k  V and  8.6  V where 
the  modulation  appears  again.  Iifhen  the  beam  current  is  set  at  30  iiA  the  range 
where  the  control  occurs  is  limited  between  lh  V and  3.6  V. 

The  modulation  of  the  potential  at  twice  the  spin  frequency  is  due  to  the 
changing  photoemission  of  the  shields  of  the  long  booms  as  they  spin  with 
the  spacecraft.  In  the  particular  case  of  figure  5»  the  shields  were  biased 
at  the  potential  of  the  probes  minus  k V which  means  that  they  are  more 
negative  than  the  plasma  and  consequently  they  are  a source  of  photoelectrons . 
To  compensate  the  changing  photoelectron  current  of  the  booms  the  spacecraft 
potential  adjusts  to  values  where  incoming  and  outgoing  currents  are  equal. 

The  explanation  for  this  beha/iour  is  illustrated  in  figure  6 which 
shows  current-voltage  characteristics  of  the  gun  and  of  the  spacecraft 
including  the  booms.  The  dotted  line  represents  the  emitted  gun  current 
at  various  energies,  the  fall  off  of  the  beam  current  has  been  assumed  to 
be  similar  to  the  measured  vrlut  of  20  yA/V  (as  shown  in  figure  2).  The 
continuous  lines  represent  the  current  collected  by  the  spacecraft  (similar 
to  the  current  collected  by  a positive  conductive  body  as  was  shown  in  the 
first  quadrant  of  figure  U).  The  thick  line  corresponds  to  the  minimum  photo- 
emission  from  the  booms,  the  thinner  line  to  the  maximum  photo  emission.  These 
two  curves  have  been  consoructed  from  the  data  shown  in  figure  5 where  the 
potential  of  the  spacecraft  can  be  measured  for  different  values  cf  the  gun 
current . 
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The  modulation  of  the  spacecraft  potential  at  twice  the  spin  frequency 
occurs  when  the  curve  ropresontine  the  current  collectea  by  the  body  cuts  the 
cun  current  curve  on  the  plateau*  control  of  potential  occurs  when  the  gun 
current  is  larger  than  the  current  collected  by  the  spacecraft  body,  the 
amount  of  gun  current  emitted  into  space  is  equal  to  the  collected  current* 

At  voltages  less  than  8.6  V the  modulation  reappears  with  a smaller  amplitude 
because  the  gun  current  ceases  and  the  potential  oscillates  between  10  V and 
^ V as  is  shown  in  fig.  6,  as  the  slope  of  the  collected  current  curves  is 
larger  at  low  energies  the  potential  modulation  decreases  with  the  spacecraft 
potential. . 


DISCUSSION 

As  was  shown  in  the  previous  section,  the  satellite  . otential  can  be 
stabilized  at  a specified  value  positive  with  respect  to  the  plasma  potential 
by  operating  electron  guns  at  appropriate  energies.  The  guns  can  be  used 
to  compensate  for  small  variations  in  spacecraft  potential  due  to  the  aspect 
dependent  photoemission  of  the  long  booms  which,  in  the  case  considered, 
were  biased  negatively  and  thus  were  a source  of  photoeleotrons . 

Limited  possibilities  to  measure  the  ambient  temperature  exist  in  the 
experiment  complement  on  board  ISEE— 1 . In  the  following  a method  to  determine 
the  plasma  density  and  temperature  from  the  gun  measurements  is  outlined. 

A simple  model  for  electron  collection  is  assumed  la  = Iq  ( 1 + Vge/Ve)  where 

® V S/4  with  n the  density,  e the  electron  charge,  v the  thermal 
speed  (eVe  = mV^/2)  and  S the  collecting  surface  of  the  entire  spacecraft, 
approximately  10m.  The  value  of  Iq  is  obtained  by  extrapolating  towards 
low  voltages  the  curve  representing  the  electron  saturation  current. 

As  an  indication  the  values  obtained  from  figure  6 are  n = 30  cn”^  and 
Ve  = lU.6  V. 

When  the  control  of  the  spacecraft  potential  by  the  electron  gun  is 
effecti-ve  a fraction  of  the  gun  current  returns  to  the  spacecrax't.  As  noted 
by  the  particle  experimenters  on  ISEE-1  this  return  flux  increases  considerably 
the  count.rate  of  particle  detectors  in  the  vicinity  of  the  return  area. 

The  beam  also  excites  plasma  instabilities  which  have  been  observed  in  a 
frequency  range  around  20  kHz  and  detected  by  the  other  electric  antenna  on 
the  spacecraft. 

It  therefore  appears  that  in  spite  of  their  low  electron  beam  intensi- 
ties, some  fundamental  plasma  physics  phenomena  can  be  investigated  with  the 
ele..  ,ron  guns  on  board  ISEE-1  in  the  future. 
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INTERACTIONS  BETVEEd  SPACECRAFT  AND  lUE  CHARGED* PARTICLE  ENVIRONHENT 


N.  John  Stevens 
NASA  Lewis  Rescsrch  Center 


SUMHARY 


Spacecraft«envlronment  Interactions  are  defined  as  the  responses  of  a 
spacecraft  surface  to  a charged-particle  environment.  This  response  can  influ- 
ence spacecraft  system  performance,  interactions  can  be  divided  into  two  broad 
categories:  spacecraft  passive,  in  Which  the  environment  acts  on  the  space- 

craft; and  spacecraft  active,  in  which  the  spacecraft  causes  the  Interaction. 
Passive  interactions  Include  the  spacecraft- charging  phenomenon.  Active  inter- 
actions include  the  relatively  new  interactions  arising  from  the  use  of  very 
large  spacecraft  and  space  power  systems  in  future  missions.  In  this  category 
the  concern  is  both  for  the  effect  the  environment  can  have  on  spacecraft  sys- 
tems and  for  the  effect  the  large  spacecraft  catt  have  on  the  environment.  To 
Illustrate  active  interactions,  a large  power  system  operating  at  elevated 
voltages  is  considered.  Possible  Interactions  are  described,  available  experi- 
mental data  are  reviewed,  and  the  effect  on  power  system  performance  Is  esti- 
mated. 


INTRODUCTION 


Spacecraft  have  traditionally  been  designed  to  fit  within  launch  vehicle 
capabilities  and  shroud  dimensions.  At  times,  the  Ingenuity  of  designers  has 
been  severely  taxed  to  Include  all  systems  within  these  constraints.  As  a re- 
sult, spacecraft  typically  have  been  cylinders  (or  at  least  packaged  as  cylin- 
ders) 150  to  300  centimeters  in  diameter.  With  deployables  as  rec^uired.  Now, 
with  the  advent  of  the  shuttle  space  transportation  system,  these  limits  have 
changed.  Very  large  Spacecraft  can  be  accommodated  for  future  missions.  Stud- 
ies are  being  conducted  on  spacecraft  to  be  uSed  for  such  diverse  activities  as 
manufacturing,  scientific  exploration,  power  generation,  and  human  habitation 
In  locations  ranging  from  low  Earth  orbits  (250  to  400  km)  to  geosynchronous 
altitude  and  beyond  (refs.  1 to  8).  Structures  proposed  for  these  missions 
range  In  size  from  200  meters  for  a large  structure-assembly  demonstration  In 
the  mid-1980's  (ref.  9)  to  Several  kilometers  for  the  Solar  Power  Satellite 
(SPS)  (ref.  3).  These  large  structures  are  being  designed  with  relatively 
lightweight  materials  to  achieve  the  required  low  densities. 

These  spacecraft  must  function  In  the  space  environment.  Anomalous  be- 
havior of  geosynchronous  satellite  systems  has  shown  that  the  space  environ- 
ment Is  not  conq>letely  benign.  Interactions  between  the  charged- particle  en- 
vironment and  spacecraft  exterior  surfaces  (i.e.,  spacecraft  charging)  can  dis- 
rupt spacecraft  systems  (refs.  10  and  11).  The  size  of  the  new  generation  of 
spacecraft  will  be  approximately  the  plasma  Debye  length  in  the  geosynchronous 


rs=j.s  si-LSs?*  s- ~«v^^rn 

X.  r«2X”"“  '■==  -irs  5.rxr,;  £.r 

watts  have  8lven*^rlse*'ta**anoSler*aab^  ftom  tens  of  kilowatts  to  glga- 

means  of  i4roJ?nrSec?r?«rnfn^  Interactibns.  One  ® 

systems  is  to  operate  at  voltages  higher  weight  for  these  power 

SPS  design  calls  for  the  lenew^Ln  S U currently  being  used.  The 

the  highest  operating  vouSr;serifsefj  r'';f  kilovolts.  To  date. 

At  tttl.  voltAge*  interactiona  vith  aha  ^ 100-volt  Astern  in  Okylab. 

opatatlon  at  oSf  Oagllgibia  (ra£.  12). 

aystam  patlomaSa!  “*«“  'WlrMtant,  howavar,  c«i  Influanca 

S-H-  r 

SK.X  x'.:srxrs.r!nxr"^  “ ".ixjx- 


SPACECRAPT-ENVIROJWENt  INTERACTION  CATEGORIES 


apon.2  “«  Oaflnad  as  tha  ra- 

Spacecraft  surfaces  will  respond  to  the  environment  of  space, 

the  interaction  is  of  concern  only  where  It  iSSuence^  sis\m"p«fo?;anSr''®'^ 

trateHrfwfl'’^  between  a spacecraft  and  the  environment  are  illus- 

solar  array  is  illustrated  There*^are*^two*h^®'*rf*^^**”  ® large,  high-power 

category  1,  spacecraft  passive  wheJf^h^  broad  categbries  of  Interactions; 
the  spacecraft  surfaces;  and  catceorv  2 sm^*^^***#^**^^^*^^^  environment  acts  on 
craft  causes  the  Interaction  S L «=he  space- 

following  paragraphs!  ^ categories  is  described  in  the 


Category  1 - Spacecraft  Passive  Interactions 

chargSg  passive  Interaction  of  concern  is  spacecraft 

kiJhvou'en^iy  JwShui*’? geosynchronous  altitude!  when 
voic  energy  particles  from  geosynchronous  substorms  electrostatically 


269 


shadowed  Insiilaeing  surfacee  to  high  negative  voltagea.  If  the  voltafte 
LctS/'JrS  breakdown  threshold  at  !n  edge  or  an 

into  the  spacecraft  electrical  hemeaS,  upeet  lowJevel  logic  SwStraS*^^ 

contSol  SJISf®®  a<****tiOn,  discharges  Can  deteriorate  theri^l 

chflMiL  i^^reaae  spacecraft  temperatures.  The  differential 

spacecraft  surfaces  can  also  Ionise  neutral  gas  molecules  and  en- 

«St  attracting  charged  particles  back  to  the  space- 

meiti  Since  olsrupt  scientific  instrusient  measure- 

«fr*lO  Md  in  L f!  ««bject  (e.g.,  see 

rets,  10  and  11),  it  is  not  discussed  further  In  this  pcper. 

category  of  Interactions,  such  as  the  possibility  of 

Sen®fSllV^lSJ2tlMS  particles  and  sputtered  atoms,  have  nJt 

n tuiiy  investigated,  it  has  been  suggested  that  In  a hlgh-enersv  inter- 
•ctloa  auch  c«ld  ch.rg.  the  W?.a  .Ithin  . 

the  exterior  and  depositing  on  wire  Insulation  (ref.  15).  Another  possible  In- 

IterilSin^S^e”?  particles  could  occur  if  particles  are  depos- 

ieu?r«lJ^S  ?\u  aurface  of  a satellite  w .lle  the  exterior  Surface  is 

This  Joild^hSl?f  plasma  (low-energy  components  of  the  environment). 

This  could  build  up  an  electrostatic  bllayer,  similar  to  that  susaested  in 

dlacharge.  This  phenomenon  would  be  mon  likely  to 
cur  where  the  charged-particle  environment  Is  more  energetic,  on  spacecraft 
radiation  belts  or  in  the  Jovian  envlronmeSt.  in^he  JpItJe^L 
particles  could  become  charged  and,  as  suc£,  they 
current  to  be  considered  and  an  additional  source  of 
erJJriJ  J particles.  Specifically  excluded  from  consideration  In  space- 

radiation  damage  to  solar  cells  and  electronic 
components.  This  has  been  studied  in  detail  by  others. 


Category  2 - Spacecraft  Active  Interactions 

In  spacecraft  active  Interactions  the  spacecraft  itself  or  a svatem  on  fba 
spacecraft  causes  the  interaction  with  the  environment.  These  interactions  are 

ose  In^lvlng  Jie  motion  of  very  large  spacecraft  proposed  for  future  mis- 
sions. The  orbital  velocity  of  spacecraft  through  the  Earth's  magnetic  field 
electric  fl  •,  .laie  the  .tn.ctere.  the  dlltoeSt?T«U.gM  L 

(ref.  17).  These  Induced  forces  and  arty  subSeouent  Interaction  with  the  en»4 
retceet  «u.t  be  ecc«-»d.ted  in  the  design  of  le^e  ?h^ 

“>«  4etell  in  references  1«  end  l».  Very  leree 

pStc^L”fref’'‘m  "y  out  chSg^  ® 

f*‘  ^''1  Structures  can  drastically  change  the  charged- 

particle  environment  and  cause  further  Interactions  with  themselves  these 
problem,  met  be  re.olyed  before  Urge  ep.ee  .tructure. 

tueen*the‘’th2^i‘.J“w“““  “-‘o  P*P«  »•  the  coupling  be- 

ween  the  thermal  or  low-energy  plasma  environment  and  a space  power  system 
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operating  at  elevated  voltaaea  tk<  . . 

currertt  ’oop  in  figure  i 4 f 1*  interaction,  llluBtrated  »« 

aces  44 ^^*4  interactlona  are  descriheri  ^"itiated  discharges  (refs 

ofthe«e"T  i"  PropemH  ' S ej>eraMrtg^Jolt: 

secUoH?  “ -<«-  -y.be. 


Power  System  Characteristics 


The  concept  of  e laroo 

n„>  ^“■”^":*”.y  '“X'oles  connected  frglve  tS  J.  f »t 

VoltaerSd  ®>f®  each  5 meters  by  10  mete-^^!  ^ f P®^e*^  out- 

voxcage  dnd  current,  Vr  and  T,  uL  and  have  operattufi  iitiA 

tMged  tn  pett,  on  iwo'^wlC  Tbe  •M.l.^^er^r 

specified  voltae«>  a«e4  4 ss.  Power  is  generated  with  all  ,^  ® ®’^” 

"™8“«.S^'2o“o*SOO°kiJ*“®  " ”«<ulo»  ace  oddS!”' 

20  kW)  cen  be  convenlenti;  studied?  “*  '‘““'“be  (in  increnente  of 

bbi  ~r?siio‘^^  Si'.STof 
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irrrHS 

aceS,  c™  ““  ° "*  1>»«>'  8™«' 


b, 


where 


^ (*i»i 


*2*2 


+ I3R3 


• • * ^ S *i'i 
1=1 


(I) 


Pj^  power  lost  In  transffilssion  lines,  W 
Pj  total  power  generated,  W 


li  load  current  in  line  at  each  module,  A 
Ri  resistance  in  line  at  each  module,  ohms 
p electrical  resistivity  of  aluminum,  2.8x10“®  ohrn-cm 
A cross-sectional  area  of  transmission  line,  1 cm^ 
li  characteristic  line  length  for  each  module,  cm 
n niimber  of  10-lW  module  sets  on  one  wing 


center  of  each  niodule  set  Fn*-  4:4 j 1 * - distance  co  cue 

th.  ce.tr,l  load  Vl» 

module  sets  are  assumed  to  be  5.5  meters.  l®«8ths  for  subsequent 


i^SsS'Si  iS^r*  «•“=  iss-j- js 


operot.™.  A trade-o?£ 
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(2) 


n 


W, 


4tA 


1“1 


<10«irea  to  Mlntaln*o°s!j[o«ent”p««  loal  In'th^trwsmi  'l' 
a»,  ana  o^roooiMl^Til  ilWttl: 

^ CO  ^6yP 

Wt  WtPl 


where  U 


!?  p!'  l:  Tt  r!"“  Since  It  is  assumed  that 


\ =•  0.05  ?^  and  W^  “ 10  P™,  then 


T» 

32ie/y 


w 

Wx 


(3) 


kUonS:  am™  ope'ra‘S«‘S  lU  vStS„°SH'" 

transtBisslon  lines  would^hdve  a line  weight  ® loss  in  the 

total  dystem  weight.  Hence,  operating  vStagerm^t^be^lnS“®^  desired 

power  systems  feasible  rh^  Stages  mast  be  Increased  to  make  large 

any  k««U^lSt“  rtr5-S!o;^S 

there  could  be  additional  i . these  effects  are  considered, 

aparae^M  Une  loaaca  that  wouia  ba  mininltaa  by  higher  volUga 

array  ana  mo^Ur’aeaigna'ttiS  alngle,  very  Urge  tolar 

"adule)  - h««  been  aobScteftrSif}!,  <•  *“  «<=•> 

Po«r  loaaea  and  «lSt  c™  heSl!iTjJ  review.,  ihe  reaulta  are  slnlUr: 
voltage  level..  ^ algnlflcantly  reduced  by  operating  at  higher 

vary  from  10#  to*'500?wlte?''  In'an  aMuai*”*  allowed  to 

would  be  needed  for  awltchlne  and  ni-han  ^ ayetem,  hlgh-Voltage  cotnponente 

voltage  conpontoS  dolofiS  Sja^  ttetSSnaZ; 

Ing  pursued  (ref.  26).  Althoueh  laiaa  chnology  for  developing  then  is  be- 
voltegea  to  wlnladae'pow^J  “f 'nSt  '“®'‘  “P'rotlng 

Sd  So^“ 

feet  on  ayaten  PaSo'™rarSS;u.fe:"r.'t;:t!lX%1^^^^^^^^^ 
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Biased-Surface  - Flaomo  InCeracclons 


Background.  - Hie  apacecrafc-system  - eharged-portlcle-onvlronmeftt  InCcr- 
action  considered  hero  was  briefly  described  in  the  definition  of  category  2 
Interactions,  in  this  ooetlon,  the  description  of  this  Interaction  Is  expanded. 

Consider  a solar-array  power  system  as  shown  in  figure  7.  In  the  standard 
construction  of  this  array,  cover  slides  do  not  completely  covet  the  metallic 
intercoimections  between  solar  cells.  These  cell  interconnections  are  at  vari- 
ous voltages,  depending  on  their  location  in  the  array  circuits.  Because  the 
array  is  exposed  to  space  plasma,  the  Intert.onnections  act  as  biased  probes, 
attracting  or  repelling  charged  particles.  At  some  location  on  the  array,  the 
generated  voltage  Is  equal  to  the  space  plasma  potential.  Cell  Interconnec- 
tions that  are  at  voltages  V^.  above  the  space  potential  will  attract  an  elec- 
tron current  that  depends  on  the  nuiriber  density  and  energy  of  the  electrons  in 
the  environment  and  on  the  voltage  difference  between  the  interconnections  and 
space.  Those  interconnections  that  are  at  voltages  V.  below  the  space  plasma 
potential  will  repel  electrons  and  attract  an  Ion  current.  The  voltage  distri- 
bution in  the  interconnections  relative  to  space  must  be  such  that  electron  and 
ion  currents  are  equal.  This  flow  of  electrons  and  ions  can  be  considered  as 
plasma  coupling  currents  that  form  a current  loop  in  parallel  with  the  Space- 
craft electrical  load.  The  loop  is  parasitic  and  represents  a power  loss. 

This  interaction  should  be  mote  pronounced  in  low  Earth  orbits  because ~of  the 
high  number  density  of  the  low-energy  thermal  plasma  (fig.  2). 

Experimental  results.  - To  assess  the  Impact  of  space  plasma  on  solar- 
atray  performance,  It  Is  necessaty  to  estimate  the  current  collection  (i.e., 
the  plasma  coupling  current)  of  an  array  that  has  small,  biased  conductor  areas 
surrounded  by  large  areas  of  Insulation.  This  estimate  Is  based  on  results  of 
experiments  conducted  on  biased  solar-array  segments  In  plasma  environments. 
Such  experiments  (refs.  27  to  30)  have  been  conducted  ever  since  an  interesting 
enhancement  effect  was  first  reported  10  years  ago  (ref.  31).  The  results  pre- 
sented here  are  baaed  primarily  on  tests  made  at  the  Lewis  Research  Center 
(ref.  12).  All  other  resulcs  are  Itt  substantial  agreement  with  these. 

A small  solar-array  segment  of  twenty- four  2-centlmeter-by-2-centlmeter 
cells  mounted  In  series  on  a Kapten  sheet  and  a fiberglass  board  Was  tested  In 
Lewis'  geomagnetic  substorm  simulation  facility.  This  segment  had  standard 
mesh  Interconnections  between  the  cells.  Bias  voltages  were  applied  to 
the  segment  by  laboratory  power  supplies  to  determine  both  positive  and  nega- 
tive voltage  Interactions.  The  test  facility  was  housed  In  a 1.8-meter- 
diameter  by  1.8-meter- long  vacuum  chamber  capable  of  operating  In  the  lO'^-torr 
range.  A plasma  environment  was  generated  by  Ionizing  nitrogon  gas.  Both 
plasma  coupling  currents  and  surface  voltages  on  the  array  segment  were  mea- 
sured during  the  tests,  which  were  conducted  at  plasma  densities  of  about  10^ 
and  10^  per  cubic  cer.tlmeter  (ref . 32) . 

Surface  voltage  profiles  for  part  of  the  segment  are  shown  in  figure  8. 

For  low,  positive  applied  potentials  0^100  V),  the  quartz  cover  slide  assumes 
a sma-11  negative  voltage  In  order  to  maintain  electron  and  Ion  currents  to  that 
surface  (fig.  8(a)).  This  voltage  Is  measured  about  3 millimeters  above  the 
quartz  surface  by  a noncontacting,  capacitlvely  coupled  surface  voltage  probe. 
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Negative  voltage  on  the  quartz  cavat-  oha 

the  plaama  above  the  intercotmectlona  to  leaa^thS^lO^  voltage  in 

voltage.  As  poiSltiva  patotntiala  j of  the  applied 

OMUW  in  surljM  voltage  PMfllee  ffir  gfbll.  WO  velte,  e ttoneltlon 
quartz  cover  alldea  approachea  that  nf  surface  voltage  of  the 

voltage  aheatha  have  Coped  ove?''  or  evLif  f ««  If  the 

A voltage  aheath  la  the  d loanee  LoJlred  ?«fJh  ®ltdea. 

Potential  through  the  rear?aCmeJro£  pfafml  Pl®®*"® 

occur  when  the  aheath  approachea  aolar-Lli  Snap-over  aeema  to 

voltage  after  anap-over'^L  SO 

ae  quartz  cover  sCsCiS^assurt^a  light figures  8(c)  and  (d). 
fields  In  the  plaama  due  to  the  biased  wi?  "®8®tive  voltages.  Electric 
fined  by  the  quartz  surface  volta,e.  Insteld  0?^  suppressed  and  con- 

cMflnOTent  remains  until  the  field  buildfuD  H phenomenon,  this 

The  voltage  at  which  breakdown  fdlseharif?  s Polnt  where  discharge  occurs. 

F«  the..  b«.kdowr^„Se3lrrtour'6SS  f “!  ““ 

10*  per  cubic  centimeter  art  ebour.fsO  vo?L  !?  7°^'!,“'  Oenettle.  of  ebout 
cubic  centimeter,  other  teats  havp  Z*^j  ^ densities  of  about  103  per 

sltles  corresponding  to  ge^^cLCuf a^titudea'l^rf^^^^  can  occur  at  den~ 
magnitudes  are  greater  than  5000  volts  *»^®®  voltage 

curre«®c^lecC“phenoCn  fgJeS^wlth Th® 

voltage  data.  For  low.  poaitilt  Intu  indicated  by  the  surface 

in  amperes  can  be  approximated  by  an  emolriea?^^*i®  plasma  currents 

neesured  or  euppreeeed  voltage  t„  the  pf„m,  SteJco^c'uS^'^ 


Jeo 


where 


for  < 100  V 


(A) 


■'eo 


Al 

^m 

Ee 


electron  thermal  current  density,  A/ cm2 
total  Interconnection  area,  4,8  cm2 
measured  voltage  In  plasma  at  interconnection,  V 
electron  temperature  in  plasma,  eV 
applied  bias  voltage,  V 

ae«,sured  voltege  v„  has  heeo  found  to  he  shout  10  percent  of  the  applied 

Jf"*™  W ampercB  can^bc  approrte«ed”y*Siat**™  tbe  current  col- 

llmlted  current  collection  based  on  . reLerv^fnn 


275 


for  > 100  V 


(5) 


t. 

i 

If 

f- 


J 


ea 


) 


£•  A s.t  ”■ 

un,«««=  »d  El’  «c  subetie«n  fir  ? ™d  T°"i<. 

iic“  r rr  iiisrx“urr?  ^“V'  *• 

2>centlmeter<by-4*centlm9ter5olfr  eenr***?*!,**^*'”*  Interactlona . A sample  of 
moentad  on  a Kiptai“w“ia"iiiarii  ‘”‘«'“>»«tlona. 

^u:-rT£,°tLTti.  rliESSS-TS-i/^ 

e cell  edges,  as  would  be  expected  from  surface  voltage  profl’.. 

SiiiLrrir  “ condition  la  a HA-booi-  ta^t  fra°?00-i™irir‘ 

centimeter  solar-array  segment.  The  segment  was  biased  to  6.  Hinw«i»- 

?i“rrSa”r?iar“2i“"?i^'‘‘  «-““■'  iiuiurcirinriaTiiit'ii 
conaliiSria'iii-lii'io  'X"LeTT 

H>3- -ii  i£r 

■SfL  f indicated  a 7-percent  decrease  in  short-circuit  current  ffie 

This  contamination  may  have  been  due  to  facility  effeetA  anA  aAA4»^4  ^ 

ing  la  ra,alrad  to  avaluata  poaalbla  anh.riJMi"r“;i<.riHi«.““”'  ‘*“" 

to«r  ttiriru°wir'irrr  srr™ "°““ 

Furthermore,  tests  have  Indicated  thnJ  ®i«ntron  currents. 

iiutff:i“ibi~%-r,r:i- ,f>;  r - 

Kapton  insulator  (ref.  32^^  At  low^^^positiv^  ^ placed  on  a 

^ E.  jz).  At  low,  positive  applied  potentials  the  Kapton 
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neg«lve  voltage  (fig.  15).  Aa  the  applied  voltage 

a^d  »re  walMw  S!I  f “ ”»« 

Id  more  positive  u.- . . the  whole  surface  was  strongly  positive.  It  Is  be- 

lleyed  that  plasma  electrons  are  accelerated  Into  the  kapton  and  generate  sec- 

l>y  ‘he  dlak  and  Increeae  tS^'i^au«d““"™te! 

ttl  dlariod  pe‘e”‘l0le,  the  electric  fields  remained  In  the  region  of 

the  disk  and  no  increased  currents  were  found.  “ 

The  experimental  results  reported  here  were  obtained  on  relatively  small 
solar-array  and  insulator-pinhole  samples.  The  effects  obtained  ^iS  thesf 

Tri\  '’T  PI"®*-®  interaction  Lp« 

flight  results  (ref.  33).  Tests  with  larger  samples  (10  nt  by  1 m)  to 
evaluate  Increased  area  effects  have  recently  been  started  (ref.  34)  The 

"t?::t  ;ouT5  innf'®  Significant  int^action  effects 

2^  tha  f performance.  The  initial  indications 

fe^s  Thesf  raanff  ® seem  to  verify  the  results  of  the  small  sample 

arr^'thf  aL  summarized  in  figure  16.  For  those  areas  of  the 

positive  with  respect  to  the  space  plasma  potential,  there  will 

UonfS2rH‘'°  r positive  voltages  these  interac- 

biased  interconnection  areas  and  a suppressed  voltage.  As 

that^orob2lf  f ® transition  to  whole-panel  current  collection 

^at  probably  will  depend  on  space- charge- limited  current  collection.  At  nega- 

Afi  ®.  collect  at  the  interconnections  at  suppressed  voltages 

du™^  '““‘‘h.rges  or  arcing  .111 

The  influence  of  these  experimentally  determined  interaction  effects  on 
ne^t^’sHtfe^^®  high-voltage  space  power  systems  is  considered  in  the 


Itlteractioti  Effects  on  Large  Power  Systems 
d«fi  gained  from  experimental  results,  we  can  estimate  th« 

s^  ® "pace  p^wer  syst:^  Srt2; 

SlIJiie  in  lit  L 2 ® electrically  at  some  voltag* 

ill?  irr^i  space  plasma  potential  so  that  equal  electron  and  ion  current! 

electrons  are  more  mobile  than  iona,  the  array  will 
ItflrttZ  t negative  with  respect  to  space  potential.  Absolute  ground 
reference  is  the  space  plasma  potential  and  not  the  spacecraft.  Those  areas 

wilfLlW  positive  V+  with  respect  to  the  space  plasma  potential 

will  collect  electrons  as  in  the  positive  applied  potential  experiments  laioat 

tential  will  collect  ions  as  in  negative  applied  potential  exeerimenta 
operating  line  voltage  V,  will  be  the  sum  of  thrZofete  ^f^he 

tive  and  negative  voltageif  (i.e.,  = |v+|  + |v"().  ^ 

potential  of  this  power  system,  electron  and  ioe 
currents  have  to  be  computed  as  a function  of  environmental  parameters,  system 

!!rr^fconi«  differences  between  the  array  and  spacL  The  method  of 

current  collection  of  large  panels  is  not  completely  understood  at  thra  time 


Pha"*"*!*™  hava  been  given  an  eh..  . a 
w 25),  However,  to  lllua^rate  fch<»  this  Conference  (refe.  22 

«,nlb.  given  In  -Xite^ 

eheuU  '^«Soa.p.ttlele  intereeclnne 

(1)  Those  portions  of  the  errav  fK»i. 

100  volts  will  collect  electron  curJe^  LooLtf  Positive  voltages  less  than 
area  and  to  a voltage  that  is  about:  in  ^ Portional  to  the  interconnection 
interconnections  (e^  (4 J)  . the  actual  yoltage  at  tS 

100  wlL’tiU  wUec^^lfcSon^cuSeiu  voltages  greater  than 

e^.U|ge  thet  u 50  volte  lee.  then  the  ectS.l 

iTO  “««*ee*pto^rtt“.l\^''ttrinLKrt^^  "ggbttve  voltages  will  collect 
those  portions  ot  the  srrsy  that  sre  greitej  tSan  !sX  ““*"'**“ 

»*‘”h^”Srwn‘rco;iect°““tro^^^  ''‘«fc“-P“«lve-volt.ge 

power  of  the  voltage.  Another  model  fo^  curre^^**^ ^ the  O.fi 
has  been  proposed  (ref  12^  nno  j f current  collection  at  these  voltaeea 

be  compntL  L the  afct^  nS  collect!™^" 

at  the  panel  edges,  with  the  radius  of  , ^ sheath,  the  sheath  is  curved 

I^ngmuir  relationship,  and  flat  across  determined  from  the  Chlld- 

ttls  model  the  radius  is  proportional  t^^thrS  7?^  portion  of  the  array,  m 
functional  dependence  of  both  modeJf  is  si^lw  voltage.  So  the 

voltages  and  the*^ace*iharSd-Mrtic^  ^ ®**®*^®  at  various 

tn  lev  gsrth  crbl.:, 

Pertinent  environmental  parameters  for  AOO  u?/”  Illustrative  exanq>le. 
given  in  table  I (ref.  35)  arLanituS^^f  conditions  are 

tions  at  geosynchronous  altitudes  can  bei  «<•  P^®®®®  coupling  current  interac- 

«.«.  those  1. 1«,  ge„,  ctbir  n.:.“  j: 

ti^p  S:  »i^j*tj:i‘“““  r 

xi  ccne^jL*”  s:i:r:Sc?i:r.r::^i."*.cc“rr^ 

array  that  are  at  positive  voltages  will  brsi!ii*‘^”i°"®*  ®'®®®  ^ **® 

negstlve  vcUages.  y„tthet.scte.'i:  t^  rUlve'^^U.^*' 
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will  be  less  then  S»rnljatlw  wlSgi^'^V^^^^Jhese^So  diti*  P<»tenti4l) 

oicage  V..  These  conditions  can  be  written  as 


w- 


or 


and 


idiere 


and 


•Jeo*  -^lo* 
Eg } and 


|v+(  + (v.|  - Vi 

^>anel  area  at  positive  voltage 
plasma  properties  (table  I) 


for  V+  i 100  V 


for  > 100  V 


area.  »t««onnection  area  Is  assumed  to  be  5 percent  of  the  total  array 

voltages  above *^IS\2w^8Mde  plasm*^*°?‘**'^f  between  Collection  areas  and 
modules  have  been  assumed  to  be*^irthe‘’!!®“‘^®^^  Heeded,  since  all  array 
voltage  distributions  within  the  module  have°w*^^"*/^“®j^°^‘®*®  \ *“** 

o“rvriir/‘.r,rr  *»  a*r 

positive  th«>  thle.  ec  ex^ple^rj  viud'*M««J.Sv;‘SJ^^ 

the  operating  Current  to  evaluate  the  curr^te  can  then  be  compared  with 

since  . ?*  ““  ^ ttoough  S.  env" 

el^r*J‘^Jk*  “ '*'®  PiosM  potentlll  end  ”0»etlve  volt- 

tlottal  to  the  power  generated,  the  rati^  af  at’tay  site  is  proper- 

rent  has  turned  out  to  be  Indipende"  nL^r?  "f  operating  cur- 

of  operating  voltage,  are  shoSS  ?n  ?i  “ • fowtion 

agreement  with  those  given  in  reference  12.  results  are  in  reasonable 
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voltages  leas  thai  500  wUs  aw  Lt  ? cutrent  leases 

lll^  definitely  not  a probui  a? 

limitation  in  going  to  higher  operating  vOlta?L®!«®^®**'°"®'‘®  altitudes.  The 
the  negative  portions  of  the  array  JhirlJ^f  f**®®'®  ^**e  afdng  in 

sjwchronous  altitudes  but  at  negative^oltffepf"®  ® problem  at  geo- 

this  arcing  is  truly  an  electrlc-fJrtrf  greater  than  5000  volts,  if 

vestigation  should  lead  to  pwJtiMl^meSf"«?®”*'  « technological  in- 

Once  arcing  is  eliminated,  operatlm  overcoming  this  limitation 

w thout  detrimental  plasma  interactions  s^uL^bfoossliL  « nllllltXf* 

power’^m.^  "11  bP  «*d  with  U„e  1!1 

"Mst  be  coneldered.  ii„ce  ehe”thm“erM«r.u“'’  '"Iblooal  current  flow, 
sponse  to  electric  fields  surtoundine  it  produces  electrons  in  re- 
space plasma  potential.  The  array  then*  wfn^H  **®  structure  at 

tive  to  the  space  plasma  potentiaH  Iht^*  ® Positive  voltage  (rela- 

Under  these  conditions,  a JwgrelectrL  operating  voltage 

fluence  array  performance . iTaddUi^r  e?!^"^  ®®ll®®«=ed  that  can  in- 

through  a chaise-exchange  plasma  from  the  th«^  collection  may  be  enhanced 

reported  in  references  36  and  37  and  is  deaeWK^J’^^  ?^^®  ^*“=®>^sction  has  been 
conference  (ref.  38).  ®"‘*  ^®  ^^sorlbed  further  in  a paper  for  thir 

considerable  number^of*f actors  haVe'*b*^^°"*  presented  here  are  simplistic,  a 
the  system  through  space  producing  raa^Lnd^wake^^ff  example,  the  motion  of 
photoemission  characteristics,  effects  di.«  T ^ effects,  material  Secondary  and 
array,  and  magnetic  field  e«;cw  ^ s„  di^»tributions  wlthin^rte 

conclusions  indicated  by  this  example  aVvalit  *’®^^®^®‘*  general 

A considerable  amount  of  work  still  hao  ► u j 
vestigation  to  improve  the  accuraev  5°  **®  **°®®  ® technological  in- 

results  t„  space,  end  to  snsw"rcL!f.r“‘''““}  ""‘P  S.t 

reus  cau  be  aebievad  „ 


concluding  remarks 


posed  fo^  future*Spaw”lMiw^^^S^^  ranging  to  kilometers  have  been  pro- 
llghtuelght  materials  (composites  and'inaul«°'*\*  "11  Incorporate  relatively 
densities.  The  epaceciett  d!arnnrinje«l««‘^  s‘°  “•*  required 

can  be  charged  by  environmental  tlunes  and  fha.^k*'*’  fb™”  such  materials 
ignored,  similar  spacecralt  - charged-nartlci.  '*'•«  Interactions  cannot  be 
ejected  for  these  new,  large  spaceSreir  ‘’'‘"“"ons  can  be 

g er  than  those  presently  beln^  used  1„  or;ei“*r:ed‘;ce“:ra°Ss“Lru“*'“ 
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pa»d  technological  Inve.ugotlone  of  tateSSJfS'’  *“  * “ “* 

doflnSt  1^c.“.X'.»lJo*,’SSSrl'  •>■«  0‘«> 

spacecraft  active,  where  a system  on  the  spacecraft;  and 

th.  prtnclp.1  l««.cJ:«\rthT£“.“«CS"  dhteroctlon. 

ena.  Considerable  progress  has  be^n  7®*^  j*"®  ®P®®^®*®^t-charging  phenom- 
b«t  the  study  is  no?  yfrcon^Ute  understanding  this  interaction. 


otbtt  ope«tlng  over  0 wUr^iini  Joftll!.  ff“  ’’“T!'  *"  I"'’  “«•> 

ovallabU  expeiinontol  data  * v»ltagea  to  coneldorad.  Based  on  the 

tiegligihle  for  operating  voltages  to  500  volts  i interactions  are 

metersa  The  limiting  ^ctor  in  ao?L  ??  orbits  above  400  kilo- 

to  discharge  in  the  portiLs  of  the^r^L  voltages  is  the  tendency 

to  space  (-500  to  -1000  V in  low  Earth  oJblt!  negative  relative 

chronous  altitudes)  Hiia  tendonov  t-  At  t “500  to  -10  000  V at  geosyn- 

finement  of  electric  fields  at  ?he  in?eriri'®'?!  «PPj®rs  to  be  due  to  the  con- 

comprehensive  technolSicfl  JnveJ^ig^JiorSouJiT  ^ 

ling  this  discharge  charectetistic.®  should  lead  co  a means  for  control- 

the  SpacacrSt^md'^Ae  convI?se  Sn^also  ptoduce  effects  within 

the  environment  by  sweeping  un  the  charooA  spacecraft  can  affect 

repercussions.  ’ZiTZlh?si7e,  f ““known 

ble  interactions  wlth^he  env??o^Lrb  / ““^n«*=and  and  evaluate  all  possi- 
launched.  to  safeguard  both  the  sp.ceCrsfrsyllZ^lL'^^r^^^^^ 
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TAB1£  I.  • BtlVIRONMENTAL 


[Otblt,  400  loni 

Electron  number  density,  n , cm*^  . 

6 

Electron  temperature,  E^,  eV>  . . . 
Electron  current  density,  A/cm^ 

Ion  number  density,  n^,  cm'^.  . . . 

Ion  temperature,  E^,  eV  

Ion  current  density,  A/cm^  . . 
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TYPICAL  DIMENSIONS 

Figure  3.  - Conceslual  model  of  large  soace  power  system. 


Figure  4.  - Load  characteristics  for  5*kllowatt  module. 


3 


figure  5.  - Fraction  of  power  lost  in  alumin- 
un;  distribution  lines  with  1-square- 
centimeter  cross-sectional  area. 


Figure  6.  - Ratio  of  transmission 
line  weight  to  design  goai  sys- 
tem weight  for  5-percent  power 
loss.  Design  goal.  10  kg/kW. 
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figure  7.  - Spacecraft  higher  voltage-system  > environment  interactions. 
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PlASMA 


.a.  Positive  applied  poteifials.  applied  potentials. 

Figure  9.  - Plasma  coupling  currents  for  solar-array  experiment,  (From  ref.  32.  | 


r INTERCONNECriON 


COVER  St  IDE  7 '«  501AR  CEU  7 

' ' / 

f i / 

' ' / SUBSTRATE  TV 

/ 


lai  Conventional  design. 


INTERCONNECTIONS  n 


Figure  10.  - Solar^array  interconnection  configurations. 
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__.J ! 

ao  80  100  120  140 
OUTPUT  CURRENT.  mA 

Figurp  13.  - Degradation  in  solar-array  seg- 
ment performance  after  114-hour  test  at 
4 kilovolts.  Solar-drfay  segment  area. 

100  cms  cell  temperature.  4^C;  light 
intensity,  135. 3 mw/cffl‘.  (From  ref.  28. 1 


APPLIED  BIAS  VOLTAGE.  V^,  V 


Figure  14.  - Current  collection  phenomenon  with  pinhole  in  Kapton  «tm.  Plasma  densllv 
1.7xl0^cm-3.  Pinhole  diameter,  0.038cm.  Mwn.Hy, 


oO 

•iO 

A) 

0 


APPLieO  POTENTIAL  V 

ja-I  I Plasma  couplinq  currents.  w*?ijypjcal  sur 

face  voltage 
profile. 

ia)  Positive  applied  potentials. 


APPlirO  POTENTIAL.  V 


<b-l»  Plasma  coupling  currents.  {b‘?l  Typical  sur 

face  voltage 
profiles. 

ibi  Negative  applied  potential. 

rigure  15.  - Plasma  interactions  with  mMal  disk  on  Kapton  sur- 
face. (from  ref.  3?. ) 
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RATIO  Of  PLASMA  COUPlINC  CURRENT  TO  LOAD  CURRENT 


PLASMA  COUPlING 
ARC  CURRENT 


Figure  16.  • Solar-array  - charged-particle-environmeni  interactions 
summary. 
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plasma  iMTERACtlON  EXPERIMENT  (PIX)  FLtdHT  RBSUWS 

Norman  T.  Grier  and  N.  John  Stevena 
NASA  Lewis  ReeearOh  Center 


SUMMARY 


was  launched  on  March^sf^^lS^ll^^OT  the^LandJat  interaction  experiment) 

actions  between  the  space  charged-oarti^lf  JL?  Vehicle  to  study  inter- 

Plied  positive  and  ne^t^f  "iJagSrji?  kvf  ^ surfaces  at  high  ap- 

used  in  this  package;  a plain  djK  ti  Lf experimental  surfacer we?e 
sheet  to  determine  the  effect  of  surron<i>44  4^  Control*  a disk  on  a Kapton 
and  a small  solar-array  segment ^to  on  current  collection, 

surfaces  among  an  array  of  insulators  The  distributing  biased 

second  stage  in  a 920-kllometL  polar  orbit  remained  with  the  Delta 

reel-time  data  acquisition  onlv  heif  e *.1,1  because  of  the  constraint  of 
operations  were  recovered.  ’ The^resultl  ^ 

simulation  testing:  namely  that  insnlat'iA  erlfy  effects  found  in  ground 

collection  at  Voltages  less* than  j®"  suppress  electron  current 

that  ion  currents  to  a disk  Sfnof  ^e^^s. 

that  solar-array  segmlnts  L^It  ^Lalfi  M eurtounding  insulation,  and 

The  «.„!«  Of  thl.  exporlo^ot  ore  dlsc„Led"„”ou?rifSLTp.t.1 


INTRODUCTION 


These  syetems\sually*IIe**MMtructed*to*LMl**t^^**”“^^^  **®®“  eenservatlve. 

For  special  applications  - to  generate  power  at  28  to  32  volte. 

and  flown  (e.g.,  refs.  l*to^3)  Thls*^dea?®  *^1,?? 

erate  power  levels  presently  U8ed^l  e^  Mi«‘’^li°?°'**'lf  J®  '^^®**^®  ‘**®  "««** 

future  are  toward  iLgel  iiS  ulger^^pli^rs  IIL  ‘*»® 

ages  for  these  larger  systems  are  not  incleilld  a operating  volt- 

volue  oher.  dl.trlbutloa  lo.s«  could  boco^;r;MMMj^’'JSf;  “ * 

are  at  some  voltage  level  Thaoo  ««  systems  have  exposed  conductors  that 
Fartlcle  «vlroJ2^t  r.2L  cll.cg«i" 

tlmeter  at  low  Earth  orbit  t^about  10  particles  per  cubic  cen- 

s]nichronous  altitudes  g^mnta  1 particles  per  cubic  centimeter  at  geo- 
tbl.  type  of  f T”  «> 

log  pamelee.  At  Ion  operettM  voltMM  ^o^rttei  " J»terect  by  collect- 
gible.  However,  as  the  voltage  is  lncrea«d**^Jh°^®  collection  will  be  negli- 
CU«  etgolflcent  end  the  effeSJ  "*' 


295 


ss-xrV"„^  r 

effects  'M”  *’■' 

eerly  fyectm-dett^  pSe“e  ”'  “O  >ccount«l  for  In  the 

ectfop'j;.-??  -- 

httt  S«t%'re““  ^ lnteractloffTd-d.it 

to  actual  epaTctff  Sffs  lt‘t:“:“u%Ttt.%Tt“r  f” 

tfe-  "ifptortf  ifa— 

£?t 

riignt  failed  to  place  the  payload  into  orbit  in  February  1974. 

ohCalftltTeTtwf  sTiTttTfnTTlftT 

^0^1?”’’°““’  “■'  ““P'^*  fPP  “•*  landaat’l  mla.lL 

ttfitfe  f PlPP"  literactlonTerlffnt  Tthf 

tifrtett  tttft«r°  Ts.ftatfrrs"'*  t 's  “■‘='  pp*i- 

t!ff  InieTti-itf?  H ff  ff?«tttefyTft- 

believed  that  thaco  cd  a.*  limited  range  of  plasma  densities.  However,  it  was 

n-‘rS:£»= = 

;riiSS'£“ri3“ 


DESCRIPTION  OF  PIX 


condufSfrTttnTntti.™  ^Mlg"ed  to  dccSralnc  the  blaeed- 

eurroufdTttTuTrTfff 
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eUctronlts  enclosure  end  the 

^erlment  plate.  These  parts  were  mounted  90°  apart  on  the  Delta  second  ataof> 
TO.  eUceronlcs  .nclo.ure  hous«l  th.  bta.  pow.t  .SpplyrTOr«^  ece«cX  ® 
no. ting  current  .en.ors,  th.  .witches,  th.  battery,  the  pX  cSdltlMeJ  „d 

““i  *.  the  expert  Jit  con?rolurand“rtti 
MU  Jn  «“rSL  TOese  coaiponent.  ate  described  In  de- 

IC.ptol^XTaXX.nfXt'''  TO“n?aS:;  “ 

E?%f ' 

well.  This  would  allow  comparative  measurements  to  the  other  surfaces  with 
aulatlng  surroundings  and  provide,  at  least,  an  IndlcatoX  ptX XSXr 

The  other  two  surfaces  wete  mounted  on,  but  electrically  isolated  fT-nm 

«ek-on-Kapton  experiment  conalsted  of  fgoldXted 

Xa, lirth^Jx"^  • 20-centl„eter-S»eter 

V rea,  cm  ; , 5 mil- thick  Kapton  sheet.  By  comparine  the  data  from  thio 

XLSd 

a series  string  of  twenty-four  2-centimeter- bv-2-centlmeter  in  nhm 
centimeter  silicon  solar  cells  with  fused  silic7cLerglasnare^  ^ cn.2, 
~s'^cm2?  ^ fiberglass  board.  Conventional  bar  interconnections  (ai'ea  ^ 

5 cm  ) were  used  in  this  array.  These  interconnections  were  connoted’ to  the 

data  jr^^fJPPly  the  current  collection  area.  By  c^pariS  tL 

data  from  this  experiment  with  the  plain-disk  results,  the  effect  of  dis Suit- 
ing a biased  conductor  among  insulating  surfaces  could  be  determined. 

tiiiT  iiiLri  t ^ ° 

Whe^  one  -n^LT^o^Se^r^^^^^^ 

current  s.  ^«r  was  switched  to  a known  resistor  to  calibrate  that  sensor  The 

= b%~  Eoi:';- 

tween  the  two  operatic.'  experiments  at  the  anticipated  plasma  dLsities! 

Pfopaviy  audir:b\r  idX?Li 
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FIX  FLIOIT  OPERATIOI^ 


The  FIX  was  carried  into  orbit  on  March  5,  1978,  on  the  Landsat  3 launch 
vehicle.  Bie  drbital  parameters  achieved  for  the  Delta  second  stage  and  FIX 
were 

Altitude,  km  . 

Inclination,  deg 
Period,  min  . . 

Tlie  experimental  sequence  started  20  seconds  after  Landsat  separation,  or 
at  19:08:47  universal  time  (OT).  The  operational  sequence  used  for  FIX  is 
shown  in  figure  3.  Pliase  1 of  the  experiment  required  the  bias  power  supply 
to  be  at  526  volts  for  12  minutes . This  total  time  was  divided  into  2-minute 
Intervals  during  which  first  the  soldr-array  segment  was  biased  and  then  the 
disk- on-Kap ton  experiment.  Unfortunately,  during  this  phase  the  Delta  Was  ma- 
neuvering to  release  a second  auxiliary  payload,  Oscar,  and  then  reorienting 
to  meet  the  plX  requirement  that  the  experiment  plate  be  shadowed. 

Phase  2 of  the  experiment  started  at  19:20  UT  and  continued  for  about 
4 hours,  after  which  time  the  telemetry  system  on  the  Delta  no  longer  func- 
tioned. The  cycle  consisted  of  1-minute  positive  voltage  steps  of  120,  256, 

526,  and  1004  volts,  first  with  the  disk-on-Kapton  experiment  biased  and  then 
with  the  solar-array  experiment  biased.  The  power  supply  was  then  held  at 
0 volt  for  1 minute  for  an  Internal  calibration  of  all  three  current  sensors. 
Then,  1-mlnute  negative  voltage  steps  of  -120,  -256,  -526,  -734,  and  -1004  volts 
were  applied  first  to  the  solar-artay  experiment  and  then  to  the  disk-on-Kapton 
experiment.  Calibration  was  then  repeated.  The  total  cycle  time  was  20  min- 
utes, and  12  cycles  Were  known  to  have  been  completed.  The  data  from  PIX  were 
obtained  only  when  the  Delta  was  in  range  of  either  Air  Force  or  NASA  ground 
stations.  Approximately  half  of  the  data  were  retrieved  by  these  stations. 

The  telemetry  coverage  for  the  PIX  is  shown  in  figure  3. 
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FLIGHT  RESULIS 


All  the  flight  data  under  equilibrium  current  collectiot.  conditions,  ob- 
tained for  phase  2,  are  given  in  figure  4 as  plasma  coupling  current  as  a func- 
tion of  applied  voltage.  The  telemetry  frame  rate  for  all  the  PIX  data  Was  one 
frmae  per  second.  Sixty  data  points  were  received  at  each  voltage  level  duritig 
phase  2.  One-hundred- and- twenty  data  points  were  received  befbre  each  exparl- 
ment  was  switched  during  phase  1.  The  transient  data  showed  that  the  coupling 
current  reached  equilibrium  within  a few  seconds  after  the  voltage  was  applied. 
The  1-minute  hold  time  at  each  voltage  level  was  demmStr  ..ed  to  be  more  than 
adequate.  The  latitudes  Of  PIX  for  the  particular  cycle  arc  also  given  in  fig- 
ure 4.  Data  for  cycles  4 and  9 and  part  of  cycle  10  were  obtained  when  PIX  was 
in  the  Earth's  shadow. 


For  phase  I opetatlon^  where  the  voltage 
the  equilibrium  currents  were  the  following; 


was  held  constant  at  526  volts. 


Disk'on-Kapton  current,  A . . 
Solar«artay-segment  current,  A 
Plain-disk  current,  A . . . . 


3X10"^  to  7X10“^ 
6x10“^  to  9X10’^ 
....  <1x10-7 


Sun  angle  data  obtained  for  the  Delta  indicated  that  the  orooer 
was  achieved  approximately  3 minutes  into  ohase  2 of  pty 

S SSs'£=?  “‘•i™  s B 

f-hiJ  **o*^®ver,  from  the  temperature  data  it  is  known 

hat  die  electronic  enclosure  box  cover  was  20  to  30  degrees  F hotter  than  tho 

aSS^reL**coJtWd“?h*'*'®  of  PIX's  orbit.  Sinct  this  temper- 


DISCUSSION 


srJS’ir?  “C;  ;r„-s-;s2s,i“i:;  ir 

ment  positivelv^biased*"*^^*  Kapton  positively  biased,  solar-array  seg- 


Phase  2 Operations 

dx-eltlw  M,n).  . A pUin  auk  eurrounaea  by  spec 

S h^~^^  ’S^r&hhr 

gradually  fcvclea  2 7 ii  10BN  L'  ^ or  decrease;^ 

lahl-^  1 alia  '»  power  supply  had  an  outout  of  at 

the 
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However,  for  moat  of  the  cyelea  the  eurrent  measured  at  the  120-  and  256-volt 
levels  was  In  the  range  expected,  ^tora  these  date  the  average  plaama  density 

L be  balanced  by  the  ion  current  collected  by  the  rest  of  the  soace- 
rtiefcf?  surfaces.  However,  there  was  only  limited  exposed  grounded 

SlflJe  Jid  ««Hi  satellite  parages  (experiment 

agL  orsorair^MO  5®  collectors,  tmen  positlve'voir 

nSL  L:  ''®'®  applied  to  the  experimental  surfaces,  the  ex- 

bfllflne?  enough  to  collect  sufficient  ions  to 

balance  the  electron  current  and  still  remain  at  zero  potential.  So  the 

ground  floated  negatively  with  respect  to  the  plasma,  nils  retarded 

The  Dl!in'd?«r  and  enhanced  the  ion  collection  to  balance^e  current^ 

^e  plain  disk,  being  relatively  small  with. a large  surrounding  grounded  sur- 
face, experienced  a larger  reduction  in  electron  Lrrent  San^lfSerthe  soLr- 
array-segment  or  the  disk-on-Kapton  experiments. 

,..,1..  1°  **etermine  the  decrease  in  the  electron  collection  caused  by  a negative 
Itage  on  the  PK  experiment  plate  and  electronic  enclosure  box  cover,  the 

''as  placed  in  a ground  simulation  facility 
at  I^is  and  tested  with  the  structures  negatively  biased.  The  current  to  the 

potentials  on  the  structure.  The 

plasM  density  used  in  this  teat  was  approximately  3x10^  electrons /cm3  The 
results  are  shown  in  figure  6.  The  ordinate  is  the  ratio  ortSrmeSu;ed^r- 
rent  to  tite  current  with  the  structure  at  zero  potential  I/Ia.  This  ratio  is 

tlvrbiaf  till  structure  negative  bias  voltage,  with  several  posi- 

tive  bias  voltages  given  on  the  samples.  ^ 

Fi^re  6(a)  can  be  used  to  estimate  the  negative  floating  voltage  for  the 
grounded  surfaces  on  PIX  and  the  Delta  second  sLge  for  SJse  cycles  t^^^ 

decrease  in  electron  current.  It  must  be  assumed  first  that 
the  fll^t  current  readings  for  120  and  256  volts  ate  correct.  The  slope 

fonn^  voltages  is  used  to  extrapolate  the  flight  current  deta  to 

1000  volts,  ^ese  extrapolated  currents  for  500  and  1000  wits  are  used'^fot 
tL  voltages  and  the  actual  flight  data  are  used  for  1 to  tolm 

Si  f®  “®®  6(a)  to  determine  the  spacecraft  potential 

SgaSw!  floated^,  htgh  afsl” 

VA*.  cycle  7 were  Chosen  for  comparison  with  ground-slmulstion  data 

this  cycle,  deta  points  were  obtained  for  each  voltage  level  and  evcAnf 

fliiht'^crollr’^?  flight-adjusted  coupling  current  and  the  pre- 

voSaL  ^*^®  P^®^"  ®®  ® function  of  applied 

^ agteement  is  within  a factor  of  2,  which  is  within  the  uncertain- 
ty of  the  measurement.  The  ground  simulation  data  were  obtained  with  a olasma 
density  of  approximately  2x10^  electrons/cm3.  ® P^®®“® 
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h<..  F"*?  ®*l’lonattoo  tot  the  grodual  decroese  tn  electron  current  tor  ooeitivo 
blee  leede  to  e poestble  explonetton  for  the  eteep  drop  In 

the  enelneerlng  model  of  the  PK  electronic  enclosure  were  perfomed  with  Se 
deeteased  by  an  otdec  of  magnitude  to  ~2xl0^  dlectrerts/em^ 

1000  wlt^  Thf  pooltively  biased  'to 

sh^  5d*„  current  to  the  disk  was  measured.  The  results  are 

shown  In  figure  8.  A negative  bias  of  -15  volts  comoleteiv  -wl  f 

tron  curr«t  for  ell  positive  volteges  to  iJS  volS!  s?ilirtests^«to™d 

tbe^«eit™o  thf  dSk°L,'5°  engineering  nodel  showed  Act 

l^e^Sm  ta  thi  •"let-.rrey-segn«nt  experiments  was 

ower  cnau  in  tne  higher  density  test  but  was  not  cottipletelv  cut  tho 

1»  “»•  20  indicated  that?  talw  o?  ,'scSiiIm 

arouSd  t“  MMUltr*'  T*  posltlona’ 

in  Jhl  dnLf!.  V if  during  these  cycles  the  plain  disk  were 

cut  off.  ^ ^ would  cause  the  current  to  the  disk  to  be 


than  fnecstlve  . The  results  for  negative  bias  on 

Pi®i“  disk  shown  in  figure  4 were  as  anticipated.  The  current  vIriedL 

**®  ®y®i®  6 data  Ld  the 

l A T results.  The  preflight  ground  test  results  are  for 

Indfn”?  **®“®i®y  of  epproxllnately  2x10^  electrons/cnP.  Cycle  6 data  were 

tion.  th:j 

^aVSnirty^z^rr;  h?:.:rm*ncZ;i:z? 

iL.  . i experiment  (positive  blaiB).  - The  purpose  of  the  disk-on- 

elecJ^rcoliec^^^^  th®  Kapton  Insulator  el^anced 

electron  collection  in  space,  as  has  been  observed  in  ground  tests  with  the 

z dr^‘zze“zzs  zziio^z  cteZ«c- “=  ^ed-- 

level o Ju’  currents  were  lower  than  expected  for  these  voltage 

flBni!*fi/?r®^S[i  currents  can  be  adjusted  for  this  by  using  table  I lld^ 
figure  6(c).  This  was  done  for  cycle  ^ Ifle.  Vianwo  7^\  «i  u 

tte  ptefltght  ground  elmuletlon  result,  for  s plasma  density  of  Ll0*°eleZ 

l Z£fit  r^hrlZcZ  “■‘i’*  P^HidktMu,  are  :uhln 

the  Z.ur41Sr^  “-e  uncertainty  of 

the  dfek  except  10  and  12,  the  plain-disk  current  was  larger  than 

®“'^  256-volt  levels  (fig.  4) . Jhls 

difference  was  also  observed  In  all  the  ground  simulations.'  This  implies  that 
Kapeon  auppresaes  electron  collection  at  low  voltage,  but  enhances  1?  at  hjgf 
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went  always  occu^Sd  sup-Ptesaion  tc  eohanco- 

thle  tranalttoft.  W)-  Tlie  flight  reault.  agree  with 

catS^that“ae  eenaorcheekrfflade  befote^aSd^after  th  ‘**“*®^etood 

catod  that  aenaora  woto  perfofmitig  properly.  * ^ 

jff"i®®or  would  hlvrttrettijrorth^  ’ expected  that  the  Kap- 

currents  obtained  from  this  Mrfaw  uIJr^iJ^  hegatlve  voltages, 
disk.  ‘The  ground  aidiulatlon  Ion  OKvfMt.  **®®®  ^®*^e  close  to  those  of  tha  olain 

lone  Wdre  used  as  the  Dlaamfi  ^llgnt  data  for  cycle  6 a Mit  roeeti 

•re  0*-,  He+,  .od  gf.  B«cag.«  of  this  elaeleeton.  in  flight  th.  ion. 

pooitien.  reUtiv.  to  the  of  «.S  “*  “«  «S>t  expiri- 

eithin  th.  onc.tt.inep  of  the  expetimeJe”^„‘5;^J^‘  “ “ I** 

experiment  was  desig^  fe*See«Sne*^tKf  "f ' j eel*''*«ep-Beg.Knt 
anci  eiiectrodes  on  the  current  ® ^l®Cributlott  of  Insulators 

should  collect  charges  from*i”***J®*^i®"4  shown  (ref.  18)  that  a 
eisfc-on-KSpton  experlntent.  Figure  4 ^bstLtlato^”rL"“““®'  similar  to  the 
®“^5f  • ®®®*»  Posltlve-blas  ^cle  the  ^®®®  **^®“"'*  simulation  re- 

at  the  120-  and  256-Volt  levels  current  was  low  (aupotessedl 

Voltages.  Howeverg  in  cycle  6 the  o sharply  (enhanced)  at  the  higher 

irm  it.  V.U.  .t  “■*  1000-«lfr«eT 

ejected  currents  at  1000  Volts  Both  ^h!  * ® °^**®*^  cycles  had  lower-than- 

®">^f®‘^®®  >»®comln8 

Jo.ced‘fof  thi'^o2S^^.f  “«.nt  for  cyclo  7 after  it  o«  .d- 

®*^°®"**  simulation  results  for*^the^f^i®”**"^‘  shown  are  the 

of  ~2xl0^  electrons/cm3.  ihc  liteLt  ^ s plasma  densltv 

^teg...  Ohor.  a»  dl«or^%‘r::^eof  « tbe  t»o“o2ft 

conclusion  can  be  drawn  front  rh4a  * ® lector  of  4 and  7.  However  n« 

voltages  can  be  random.  This  was  ob8e^ed^  suppression  at  the  low 

in  the  flight  date  gl»«,  S 1i^.  f *"  «”'™‘  «»d  «n  .l.o  be 

loiS  •»  “S-tivelp  hi-ed 

s.vr  trSj’d-s:*’  ^ 

ground  V:  -‘T’"**  ^ 

the  **®  previous  lower  voltage^  Thl?ohI«**®"’“®”“^  Increase  In 

the  flight  data  from  cycle  6.  where  s mo^h  i ^ Phenomenon  was  observed  In 
rent  occurred  at  -500  volts.  ^ larger- than-expected  rise  in  cur- 


pected  Mnge*"?®?  che^fiStagf  lewxf J^h  ‘*»o  ex- 

a.ctn«  occurred  «t  U«  -734-v.Xt  Xov«i  a^S 


Phase  1 DlseussAon 


ly.  The  plain-disk  current*^waa  very^ljr'^^d'th  "S?  “"«*®»steod  more  clear- 

arrey-segment  currents  were  normal  ^ Paring  nh^**®  ^isk-on-Kapton  and  solar- 
Plate  with  the  disk-on-Kapton  and  so^«!a«i  ®f®  ^ ®P®*^®tion8,  the  experiment 
velocity  ram  direction  of  the  soace-riL  J’  experiments  fac^  in  the 

the  plain-disk  experiment  was  partially  in^tha^*'®!,®^®®^®"^®  enclosure  box  with 
by  the  plain  disk  was  probably  "used  collected 

negatively,  in  addition^to  the'^loi^.i®*’®?®®'®^^'®  Srounded  sur- 
the  plain  disk.  ’ “e  low-density  environment  around 
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in  a nearly  circular  polar  orSt  ^ an  Stit  d**®’^^®?  for  4 hours 

the  electronic  package  on  board  operated  for  *'il°»eters.  All 

conclusions  concerning  spacecraft-plasma  lntIr«^^^®®®  ^ following 

suits  of  the  Pix  experiments:  ^ Interactions  were  drawn  from  the  re- 

tron  collection ^at"oltages*b^ow^5^^^  d^®®h**  suppresses  elec- 

voltages  above  500  volts.  enhances  electron  collection  at 

^ndlng  InsSItlS?  "arXOT^cS^OTt^deM^^^r*''  ‘"*l“«"“d  by  »ur- 

trode.,  th.  bl..  voXt.ge,  Z 

ate  velocity,  and  the  plasma  properties. 

-700  volts!°diLh2gM"S®geneMt^^  negative  voltages  greater  than 

normal  current  level  expected  at  these  volfogeririLrth  ^ The 

e voltages  is  less  than  10  microamperes. 

(<•30  V)  surrounding ^a*relatively*lUo^  negative  voltage 

electrode  can  drastfoally  reduce  the  elec tJai'’®  ^ **^®®®'*  V)  small 

at  times  completely  cut  off  the  electron  curr«b®h'*^®lJ  electrode  and  may 

.1  b.  the  „ti.  ox  .Xec„od.  .rZTZrZZl'J^l 

.ImuxISj"  -l*-  *ro„nd 

enslties,  the  ground-simulation-facilJtv  rear plasma 
Therefore,  detailed  studies  can  be  con^cJ^?^  reproduce  the  flight  data. 

and  the  results  used  confidently  in  space  anoltctlT^^  simlatlon  facilities 

y in  space  applications.  However,  caution  must 


be  exercised  in 

SSSr.-  r: 

fects  still  must  be®deuLlned^l® ‘ samples  and  hiS2”biarr?J 

systems.  in  space  to  develop  scali^^fa^'®?;^^,®^ u^^g’e 

and'reJ^crt'Je'^^^^^^^  multiyear  lifetime  of 

enhancement  SharlctSiftLT^^''®^^  n«ays  S 

effects  should  be  evlJ  Positively  biased  arrL?  S f**®  suppression- 

tests.  *»®  in  ground  faciUti^ 

ana  verified  by.  space  flight 
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TABl£  I.  - CALCULATED  SPACECRAFT 


floating  potentials 


Cycle 

. 

Experiments 

active® 

PiX  power 
supply  voltage, 
V 

Spacecraft 

potential, 

V 

2 

D/K  and  PD 

500 

-7.5 

SA  and  PD 

500 

-13 

SA  and  PD 

1000 

-22 

7 

D/K  and  PD 

500 

-13 

D/K  and  PD 

1000 

-23 

SA  and  PD 

500 

-15 

SA  and  PD 

1000 

-30 

11 

SA  and  PD 

500 

-9 

SA  and  PD 

1000 

-26 

12 

SA  and  PD 

500 

-9 

SA  and  PD 

1000 

1 

-23 

^D/k  denotes  dlsk-on-Kapton  experiment;  PD 
denotes  plain-disk  experiment;  SA  denotes 
solar-array-se^ent  experiment. 
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fitjure  I.  “ Plasma  snU'rattiort  expenmeni  iPiXi. 
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fuiiire  ?.  • Sihomatu  (iuu)ram  of  plasma  mletiU  tion  t^xpH  iiiUMtl 
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SOLAR-ARRAY 
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COUPLING  CURRENT,  A 


CCUPL^JG  CURRENT 


< 


10 


10  ^ 


<r 


10* 


■ — L-^-ULlil 
<(-U  Cycle  6C;  solar 
^rray  and  plain 
disk;  latitude, 
to  53®. 


I I J liuiJ 

0-21  Cycle  6D; 
disk  on  Kapton 
and  plain  disk; 
latitude,  53°  to 
36° 


Oi  Negative  bias,  cycle  6. 


in  ^ I L i„ 

lg*ll  Cycle  7A; 
disk  on  Kapton 
and  plain  disk; 
latitude,  32°  to 
18° 


<9*21  Cycle  78; 
solar  array  and 
disk;  latitude. 
18°  to  5° 


<gi  Positive  bias,  cycle  7. 

10'^- 


array  and  plain 
disk;  latitude,  -41° 
to  -24° 


<h  -2l  Cycle  90; 
disk  on  Kapton 
and  plain  disk; 
latitude,  -?4° 
to  -7° 


ti*l‘ Cycle  lOA; 
disk  on  Kapton 
and  plain  disk; 
latitude,  4°  to 
10° 


(I  -21  Cycle  106; 
solar  array  and 
disk;  latitude. 
10°  to  24° 


Negative  bias,  cycle  9, 


III  Positivebias,  cycle  10. 


figure  4.  - Continued. 
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lj-1)  Cycle  llA; 
disk  on  Kapton 
and  plain  disk; 
latitude.  6S*’  to 
77° 


tj-2l  Cycle  IIB; 
solar  array  arid 
plain  disk;  lati- 
tude,  77°  to  80° 


tk-ll  Cycle  UC; 
solar  array  and 
plain  disk;  lati- 
tude,  78°  to  64°. 


tk-21  Cycle  IID; 
disk  on  Kapton 
and  plain  disk; 
latitude,  64^  to 
47® 


iji  Positive  bias,  cycle  41. 


(k)  Negative  bias,  cycle  11. 


q: 

=3 


a. 

=3 

O 

o 


It -h  Cycle  I?; 
disk  on  Kapton 
and  plain  disk; 
latitude.  44°  to 
27°. 


It -2)  Cycle  12; 
solar  array  and 
plain  disk;  lati- 
tude,  27°  to  16°. 


't • Posiiive bias,  cycle  12 


M (jure  4.  - Concluded. 


'NiOR'l’AilZtO  CURRdl'jr  IM 


Figure  3.  - Sun  and  velocity- vector  angular  positions  during  initial 
42  miniites  of  PIX  flight,  where  D/K  denotes  disk-on -Kapton  ex- 
periment and  SA  denotes  solar-array  experiment. 


Plain  disk  experiment.  tbi  Solar -array  experiment.  tcl  Oisk-on-Kapto'i  experiment. 

r Hjure  6.  - Normalized  current  as  function  of  background  plate  voltage  for  all  experiments  - ground  simulation  tests. 
Plasma  density,  3x10^  electron s/cm^ 
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f -40  -60 

background  PLATE  VOLTAGE.  V 


Figure  & - Normalized  current  as 
function  Of  background'plate 
voltage  for  plain-disk  experiment  • 
ground  simulation  teste.  Plasma 
density,  2x10^  electrons/cm^ 


--  CYCLE  6 

- PREFLIGHT  GROUND  SIMUUTION 
data,  n ^ 2x10^  e/cm^ 


lb)  Oisk'on-Kaplon 
experiment. 


(c)  Solar -array 
experiment. 


lai  Plain-disk 
experiment. 
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SHEATH  EPSECTS  OBSERVED  ON  A 10  METER  HIOH  VOLTAGE  PANEL 

IN  SIMULATED  LOW  EARTH  ORBIT  PLASMA 

James  E.  McCoy  and  Andrei  Konradi 
NASA  Johnson  Space  Center 


SUMMARY 


conductive  mterial  ves  biased  to  high 
the  behavior  of  a large  solar  array  in  low  earth 

with  sufficiMt^^  away  was  operated  in  a plasma  environment  of  lO^-io^/cm^, 
with  sufficient  free  space  around  it  for  the  resulting  plasma  sheaths  to  aT 

the°?e^Sn?sheSh^il  f surrounding  plasma.  Measurements  of 

vo?+f!  ® S thickness  as  a function  of  plasma  density  and  applied 
Md  ^1/2®^®/^  J?®?*  observed  thickness  varied  approxiLtely  af 

6 constant  source  current  density.  This  effect  appears  to 

«fd*aMuf  I'Sn?!  =>.eatS"SnSreJ° 

fVon,  leakage  current  was  also  measured  with  the  "array”  biased  0-l^  kV 

end  of  th  ° ®”  * eq,uilibrium  with  the  ambient  plasma.  The  positive 

end  of  the  array  was  observed  to  float  at  +.93  v.  with  a totei^^erit 
through  the  plasma  slightly  under  2 mA/m^,  or  0.7  watt/ft^.  ^ 


Xiv  .L  XUIN 


H^dware  and  techniques  have  recently  been  developed  to  adapt  the  laree 

ionospLrir^as®^^  chtober  at  NASA  Johnson  Space  Center  to  simulate  the 
ionospheric  plasma  environment  characteristic  of  low  earth  orbit  (leo) 

flow  fraction  and  magnetic  field  strength  wS  LnSoUable 
and  meter  diameter  chamber.  Plasma  simulation 

f f expected  to  become  of  increasing  value  as 

hSe^thr?MM'«i®^®'^®^!  ^®v®®  high  voltage  increase.  Me  report 

M^h  results  obtained  in  tests  of  a 1 meter  by  10  meters  simulated 

thle  S •'ill  mulre 

celWt  of  “tool  “lar 

nanii  ^ panel,  with  the  remaining  9 meters  simulated  by  a 

panel  of  conductive  plastic  material  of  sufficient  internal  resistance  to  be 

e»d-tc-eud.  The  reeultlng  panel  pot2 

frei  oPP'-orimateJjr  linear  Mnner,  the  aeme  as  would  be  obtained 

ratio?  r oonneoted  In  the  simplest  series 

configuration  to  give  the  same  high  voltage  output  end-to-end.  Copper  strips 
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ore  placea  aeroae  the  panel  every  five  feet  to  provide  good  electrical  contact 
for  the  bias  voltage  power  supplies,  or  for  monitoring  of  intermediate  surface  ^ 

volte ge  and  current  values.  Three  moveable  probes  are  located  in  front  of  the 
panel  as  it  hangs  in  the  test  chamber,  used  to  locate  the  outer  boundary  of  the 
high  voltage  "sheaths”  expected  to  form  around  the  pEuiel  and  control  its  equl- 
~librium  interaction  with  the  surrounding  plasma. 


LEO  PLASm  CURRENT  LEAKAGE 

Although  space  is  a very  good  vacutun,  it  is  not  absolute  and  the  very  thin 
residual  "gases"  present  are  capable  of  causing  significant  electrical  inter- 
actions under  certain  conditions.  This  has  been  noticed  particularly  by  vari- 
otw  satellites  in  geosynchronous  orbit  (GEO),  which  are  observed  to  charge  tip 
to  surface  potentials  of  severed  kilovolts  under  solar  ecllpse/geomagnetic 
"storm"  conditions.  The. ambient  plasma  is  too  thin  to  effectively  bleed  off 
the  charge  acquired  from  "storm"  radiation  absorbed  by  the  satellites  (refs. 

1 and  2). 

In  LEO,  the  denser  plasma  easily  overcomes  any  radiation  charge  build- 
up. This  shoidd  eliminate  the  problems  with  unwanted  charge  build-ups 
observed  in  GEO  but  results  in  a new  problem  for  large  high  power  solar 
arrays  due  to  the  exact  inverse  of  the  GEO  problem.  In  LEO,  even  necessary 
high  voltages  may  be  bled  off  by  the  dense  ambient  plasma. 

Feasibility  studies  of  the  SPS  concept  have  identified  this  as  a poten- 
tial problen  in  attempting  to  operate  the  large  solar  arrays  at  high  voltages. 
Reference  3 in  particular  observed  that  current  leakage  to  space  (per  unit 
area)  would  increase  at  high  voltage  by  orders  of  magnitude  over  that  expe- 
rienced by  present  day  low  voltage  systems,  based  on  extensive  laboratory^ 
test  and  analysis  using  small  (1—20  cm)  surfaces  at  high  voltages.  Assuming 
certain  scaling  laws  observed  to  be  approximately  true  on  the  1-20  cm  scale 
(in  effect,  assuming  some  constant  sheath  conductance  per  unit  area  between 
the  array  and  the  plasmaK  they  calculated  the  power  losses  due  to  these 
parasitic  currents  shown  in  figure  1.  The  projected  loss  for  the  15  kw  array 
would  exceed  solar  cell  output  for  voltages  exceeding  +2  kV  or  -l6  kV  for  a 
typical  Shuttle  orbit  near  the  F2  ionospheric  maximum. 

An  alternative  theoretical  analysis  indicates  that  quite  different  scaling 
relations  should  be  expected  to  apply.  By  this  analysis,  current  collection  by 
large  solar  arrays  should  be  controlled  by  (plasma)  charge  separation  fields, 
which  should  fom  space  charge  limited  "sheaths"  that  confine  the  current  col- 
lecting voltages  on  the  arrays  within  these  sheaths.  Distinct  outer  boundaries 
to  the  current  collecting  sheaths  sai"roundlng  a high  voltage  surface  should  be 
expected  to  reach  a limiting  size  of  the  order  of  1 meter/kilovolt,  nearly  in- 
dependent of  the  size  of  the  high  voltage  surface.  When  the  assumptions  in 
this  analysis  are  valid,  total  current  collected  depends  only  on  the  outer  sur- 
face area  of  sheath  available  to  intercept  ambient  (drift)  currents  existing  in 
the  undisturbed  plasma  outside  the  objects*  sheath.  The  resulting  current  mul- 
tiplication factor  at  any  voltage  would  be  the  ratio  of  outer  sheath  surface 
area  to  object  surface  areas,  as  illustrated  by  figure  2.  (In  effect,  sheath 
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conductance  per  unit  area  becomes  a function  of  both  voltage  and  size,  rather 
than  a constant  as  In  some  oversimplified  lumped  circuit  element  analogies.) 
luf  we  assume  plasma  parameters  such  that  the  restating  sheath 

thickness  grows  from  10  cm  at  ±100  V to  10  meters  at  ±10  kV.  This  sheath  be- 
comes very  large  compwed  to  the  10  cm  sphere,  the  total  current  collected  in- 
creasing by  nearly  lO**  (a  Very  high  "conductance"  sheath).  The  seme  plasma 
sheath,  around  a 1 km  SPS’  array,  has  a very  small  ratio  of  sheath  to  object 
size.  The  total  current  collected  should  Increase  by  only  a few  percent,  a 
very  low  sheath  conductance  which  becomes  even  lower  with  increased  voltage. 


Operating  in  the  large  chamber  at  JSC,  It  is  possible  to  observe  the 
l^owth  of  these  sheaths  around  a 1x10  meter  object  with  0.1-10  kV  applied. 
This  pe^ts  a test  of  their  behavior  in  "free  space"  without  the  inevitable 
wall  effects  due  to  sheath  growth  in  smaller  chambers. 


TEST  SET-UP  FOR  SHEATH  STUDIES 

The  performance  of  an  actual  test  on  the  scale  of  10  meters  available  in 
the  large  chamber  was  needed  to  determine  which  (if  either)  scaling  relations 
are  applicable  to  large  solar  arrays.  Figure  3 shows  the  layout  of  the  basic 
configuration  used  for  most  tests.  The  high  voltage  panel  ("SPS")  was  hung 
near  the  center  of  the  chamber,  with  7~10  meters  of  free  space  available  in 
all  directions  for  unobstructed  development  of  the  high  voltage  plasma 
sheaths.  Hie  expected  extent  of  sheath  development  is  illustrated  for  an 
SPS  model  in  series  connected  configuration,  with  high  voltage  at  top  and 
uottom  at  ground,  for  two  typical  sheath  thicknesses  of  1 meter  and  3 meters. 
The  three  probes  labeled  22-2U  can  be  moved  horizontally  from  outside  the 
sheath  to  locate  the  outer  sheath  boundary  (point  of  first  observed  change 
in  plasma  conditions).  The  sheath  and  associated  effects  coiad  also  be 
observed  visually  using  low  light  TV  cameras  at  the  first  and  thivd  floor 
levels.  Large  solenoid  coils  around  the  chamber  provided  control  of  the 
vertical  magnetic  field  from  0-1.5  gauss.  Plasma  density  and  electron  tem- 
perature measurements  were  obtained  from  15  half  inch  spherical  Langmuir 
probes  located  at  various  points  around  the  chamber. 


Plasma  Generation 

Plasma  generation  was  available  from  three  devices.  A 30  cm  Kaufman 
thruster  borrowed  from  LeRC  was  iised  with  argon  gas  to  generate  flowing 
plasma  densities  of  10  to  10®  (cm“^),  directed  either  horizontally  (across 
the  magnetic  field)  from  the  third  level  into  the  face  of  the  panel  or 
vertically  from  the  center  of  the  floor  (along  the  magnetic  field)  along  the 
length  of  the  panel.  Plasma  electron  temperatures  varied  from  0.5-2  ev, 
being  typically  1 ev.  Ion  temperatures  and  flow  velocity  were  not  directly 
measured,  flow  energy  is  estimated  to  have  varied  from  15-25  ev.  Predomi- 
nately (monatomic)  ions  were  observed  in  the  chamber,  however  significant 
numbers  of  H2O  , and  HO'*’  and  some  other  species  were  observed.  Hiese 

may  constitute  a significant  (thermal?)  population  of  charge  exchange  or 
other  secondary  ions  in  the  plasma,  created  from  the  residual  gas. 
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A 6 Inch  Khuflftan  thruster  device  was  fahricated  at  JSC  to  provide  a lower 

“ argon  As  the  Input  gas.  Plasma 

densities  of  10  to  10**  (cm“3)  were  observed,  either  flowing  vertically  frotn 
center  floor  or  diffused  from  a horizontal  flow  across  the  one  meter  level 
above  the  floor.  Electron  temperature  was  typically  slightly  less  than  1 eV. 


The  third  source  of  plasma  employed  was  a large  5 meter  loop  antenna, 
^iven  at  1-5  MHz  to  excite  an  irregular  plasma  from  the  residual  neutral  cham- 
Properties  of  this  plasma  were  quite  different,  densities  estimated 
at  10-3-10?  (cm-3)  with  electron  temperature  about  2-4  eV  (based  on  1/2"  spheri- 
cal Langmuir  probe  currents). 


SPS  Model  for  Test 

Figure  4 shows  the  physical  dimensions  of  the  "SPS"  model  as  tested,  as 
well  as  location  and  Identification  of  available  test  connections  to  the 
copper  contact  strips.  The  actual  dimensions  differed  slightly  from  the 
nominal  1x10  meter  design  for  ease  of  fabrication.  For  test  purposes,  the 
f electrical  configurations  shown.  The 
(floating)  configuration  is  the  actual  case  which  would  be 
tained  in  space;  with  currents  closing  from  the  positive  voltage  (V  ) end 
of  the  , thrcu^  the  conducting  plasma,  to  the  negative  portion  of  the 

array.  The  chamber  walls  and  lab  ground  are  not  involved  in  the  circuit  at 
all  (except  in  determining  the  roughly  uniform  "plasma  potential"  outside  the 
sheaths).  The  relative  potential  of  the  entire  test  array  and  floating  power 
upp^  will  adj\ist  itself  relative  to  the  plasma  potential  so  that  the  total 
electron  current  collected  along  the  positive  voltage  portion  of  the  array 
^actly  equals  the  total  ion  current  collected  along  the  negative  portio^ 

tial  will  be  Inversely  proportional  to  the  relative  ambient  current  densities 

H**®®  plasma.  For  typical  conditions,  this  will 
pot^tial  floating  97-99^  negative  with  respect  to  plasma 

Since  operation  in  the  fullj  ixoating  configuration  was  physically 
awkward,  most  series  connected"  testing  was  done  with  the  power  supply  and 
one  end  of  the  array  grounded  to  the  chamber  Walls.  This  was  eqxii valent  to 
testing  the  negative  or  positive  portions  of  a floating  array  individually, 
with  the  return  current  path  closing  through  the  chamber  wall  (via  the  plasma), 
In  either  case,  all  voltage  drops  from  array  surface  potential  to  plasma 
po  ential  are  contained  within  the  sheath.  The  outer  surface  of  the  sheath 
is  at  plasma  potential.  The  plasma  is  effectively  a perfectly  conducting 
medium  with  constant  internal  potential  (within  a factor  of  kT) . 

A third  configuration  frequently  employed,  for  maximum  simplicity  of 
operation  and  data  analysis,  was  "constant  HV"  with  the  entire  surface  of  the 

the  plesna  to 
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This  test  object  was  designed  to  produce  the  extreme  values  of  current 
leakage  possible  from  a large  solar  array  or  other  high  voltage  surface. 

To  elinlnate  confusion  from  attempting  a correct  treatment  of  the  effect  of 
relative  s^face  area  and  configuration  of  conductive  and  insulated  portions 
of  the  efface  6f  an  array,  the  entire  front  surface  (except  the  actual  solar 
cell  section)  was  made  conductive.  The  ‘'SPS"  model  should  therefore  generate 
the  large  scale  (outer)  sheath  configuration  believed  to  be  of  primary  impor- 
tance in  determining  its  equilibrium  interaction  with  an  ambient  plasma.  The 
currents  collected  will  not  be  reduced  by  any  insulation  factor. 


Test  Objectives 


1 *4  validity  of  the  proposed  approach  to  scaling  calcu- 

lations of  plasma  current  leakage  based  on  relative  sheath  to  object  size, 
three  primary  topics  were  identified  for  Investigation; 


(1)  Existence,  sharpness  and  size  of  the  expected  outer  sheath  boimdary 

(2)  Equilibrium  floating  potent itil  of  a large  panel  (airray)  with  fixed 

voltage  differential  along  its  length 


(3)  Magnitude  of  leakage  currents  induced  to/ from  large  surfaces  as  a 
function  of  Voltage  (actually,  sheath  size) 


A secondary  topic  was  the  possible  existence  and  behavior  of  transient  current 
pulses  (electrical  breakdown  or  "arcs"  to  the  plasma)  reported  to  occur  in 
smaller  scale  experiments  (refs.  3 and  4). 


experimental  results 

The  fundamental  result  achieved  was  direct  observation  of  the  existence 
form  and  dimensions  of  the  plasma  sheaths  formed  about  the  high  volteige  * 
PMel.  Leakage  currents  between  the  panel  and  the  siorrounding  plasma,  through 
the  observed  sheaths,  were  recorded  for  comparison  with  the  theoretically 
expected  current  transmission  capacities  of  the  sheaths.  The  existence  and 
form  of  the  sheaths  was  observed  by  two  independent  means,  both  of  which 
detect  the  location  and  "sharpness”  of  the  outer  boundary  with  minimum 
disturbance  of  its  configuration  by  physical  intrusion  of  hardware.- 


Sheath  Observation  by  LLTV 


Figure  5 shows  a typi  ‘ol  LLTV  image  of  the  series  connected  sheath,  with 
s^face  potential  on  the  SPS  increasing  from  0 at  the  bottom  end  to  1 KV  near 
the  top  (actually  about  the  center  of  the  panel)  of  the  picture.  The  sheath 
is  the  dark  area,  seen  to  increase  approximately  linearly  in  thickness  from 
0 at  0 volts  to  perhaps  1-2  meters  at  1 KV.  The  outer  boxmdary  is  generally 
rather  sharply  defined  in  the  LLTV  image,  os  expected  from  the  space  charge 
limited  thickness  hypothesis. 
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The  sheath  is  frequently  visible  on  LLTV,  as  a dark  region  in  front  of 
the  panel  which  expands  or  contracts  as  a function  of  voltage  on  the  panel 
face,  when  viewed  under  sufficiently  high  plasma  density  conditions  against 
a dark  background.  We  believe  the  sheath  region  is  dark  because  with 
electrons  (or  ions)  excluded,  little  "jf  the  ambient. plasma  recombination/ 
de-excitation  leading  to  photon  epf*  on  occurs.  In  any  case,  acceleration 
of  ions  (or  electrons)  in  the  sh  . leads  to  a reduction  in  number  density 
by  more  than  an  order  of  magnitude.  The  sheath  becomes  unobservable  when 
the  outer  boundary  becomes  large  and  curved,  not  parallel  to  the  line  of 
sight,  or  viewed  against  a bright  background  (such  as  the  aluminized  mylar 
toward  the  top  of  fig.  5). 


Sheath  Detection  by  Probes 

The  second  method  involved  watching  for  an  alteration  in  the  observed 
I vs.  V current  collection  characteristic  of  a moveable  Langmuir  probe  as  it 
approaches  and  enters  the  outer  boundary  of  the  sheath  frcan  the  external 
plasma  (or  equivalently,  as  the  sheath  expands  to  envelope  the  probe  as  the 
surface  voltage  of  the  panel  is  increased).  After  some  experimentation,  a 
satisfactory  operationaJ.  technique  was  developed  for  recording  this  infor- 
mation. A series  of  log  I vs.  voltage  curves  were  recorded  for  electron 
collection  from  the  zero  current  voltage  up  to  +100  volts,  as  surface  voltage 
on  the  panel  was  increased  in  steps  from  zero  until  the  probe  (at  a particular 
location)  was  deep  inside  the  panel's  sheath.  A representative  set  of  curves 
is  shown  in  fig.  6,  The  undisturbed  plasma  at  this  point  was  about  10^/cc  with 
an  electron  temperature  (Tg)  slightly  less  than  1 eV  as  deduced  from  the  ini- 
tial cvirve  recorded  with  0 V on  the  panel.  The  linear  increase  in  current  from 
(thermal  ciarent  density)  about  1x10“ 5 amp  at  +6  V to  9.5x10“**  amp  at  +100  V is 
consistent  with  normal  orbit  limited  electron  collection  in  such  a plasma. 

As  voltage  is  applied  to  the  panel,  no  effect  is  seen  at  the  probe 
location  (still  outside  the  growing  panel  sheath)  until  the  applied  voltage 
(Vop)  reaches  -800V,  when  a slight  displacement  of  the  curve  at  higher  probe 
voltages  is  first  detectable.  Increasing  Vop  by  lOOv  to  -900v  causes  a 
clearly  noticeable  reduction  in  probe  current  at  +100v  bias,  more  than 
resiilted  from  the  previous  800  volt  change.  There  is  as  yet  no  change  below 
the  linear  portion  of  the  curve.  We  interpret  this  as  indicating  the  probe 
is  still  (Just)  outside  the  panel's  sheath  boundary  but  near  enough  for  the 
piobe's  expanding  effective  radius  of  electron  collection  (about  5 inches  for 
a inch  probe  at  +100v)  to  partially  contact  the  region  of  sheath  disturbed 
ambient  electron  currents.  ( A partial  "shadowing"  of  the  probe  location 
by  the  growing  plasma  absorbing  sheath  may  also  bo  expected,  poi'ticularly 
when  the  panel  is  located  between  the  probe  and  tlie  plasma  source.)  The 
sheath  has  probably  Just  passed  the  location  of  the  probe  when  -l,000v  is 
applied  to  the  panel,  the  cui'rent  sero-crosring  voltage  has  shifted.  As  the 
panel  voltage  is  increased  further,  moving  tlie  location  of  the  sheath  edge 
further  beyond  the  probe  locatior,  even  greater  positive  voltages  are  re- 
quired on  the  probe  before  its  eleetron  attracting  field  is  strong  enoutdi  to 
reach  beyond  the  electron  depleted  sheath  boundaxy  to  nn  undisturbed  plasma 
region  containing  electrons  which  It  can  then  draw  to  its  surface.  VJlien 
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panel  voltage  has  increased  to  -1500v,  the  probe  is  so  deep  inside  the  panel's 
ion  sheath  that  +100v  on  the  probe  is  able  to  draw  less  than  0.1^  of  the 
electron  current  available  outside  the  sheath  (+70v  is  required  to  attract 
any  measurable  electrons  at  all  into  this  electron  depleted  region). 

A set  of  curves  similar  in  appearance  is  obtained  for  positive  (electron 
collecting)  sheaths.  The  causes  are  probably  quite  different,  since  there 
are  electrons  present  to  be  collected  inside  this  sheath.  Uie  probe  current 
zero  crossing  voltage  will  still  shift  to  prog r’ossively  higher  positive 
voltages  as  the  sheath  is  entered,  since  the  proio  will  repel  electrons  until 
it  exceeds  the  local  (positive)  potential  inside  the  sheath.  The  current 
collected  will  then  be  reduced  due  to  the  combined  lower  density  and  higher 
energy  of  the  available  electrons,  and  their  essentially  unidirectional 
velocity  distribution. 


Sheath  Size 


The  test  results  show  a distinct  limitation  to  sheath  growth,  as  a func- 
tion of  voltage  and  (ambient  plasma)  current  density.  Within  present  llMts  of 
experimented,  error,  the  observed  sheath  thicknesses  folloV  the  ^ n^'2 
pendence  ejqpected  for  space  cheurge  limited  current  flow  with  d (sheath  thick- 
ness) the  free  variable.  Figure  7 shows  the  applied  voltage  required  at  vari- 
ous plasma  densities  for  the  outer  sheath  surface  to  reach  a Langmuir  probe 
(#23  in  fig.  3)  located  1 meter  from  the  sturface  of  the  array.  The  reference 
line  is  the  theoretical  thickness  calculated  for  a one-dimensional  planar 
geometry  case  (Appendix  A)  with  an  effective  electron  or  ion  "temperature”  of 
1 eV.  Notice  the  electron  sheath  (shown  as  ®)  is  about  \;he  same  size  as 
the  ion  collection  sheaths  (shown  as  C). 


Sheath  Cxirrent  Leakage  vs.  Voltage 


The  resultant  leakage  current  multiplication  factor  was  observed  to 
be  much  lower  than  observed  on  previous  small  scale  tests.  Figure  8 shows 
current  leakage  from  "SPS"  to  the  plasma  observed  from  -10  to  -3000 
volts  in  four  ambient  plasma  densities  ranging  from  10^  to  10^  per  cubic 
centimeter.  The  observed  rate  of  increase  in  leakage  current  with  voltage 
is  seen  to  increase  as  the  resulting  sheaths  become  large  compared  to  panel 
width,  as  expected  from  figure  2.  The  regions  of  sheath  size  shown  are 
rough  estimates,  based  on  the  caloxilation  in  figiu*e  20  normalized  to  an 
actual  measurement  for  each  data  set. 


Floating  Potential 


Reca3.1ing  the  requirement  that  total  current  flowing  to  an  electrical.ly 
isolated  >anel  in  series  connected  configuration  be  zero  for  voltage  eqtii- 
librium  with  the  ambient  plasma  to  exist,  we  expect  values  of  V-  and  V+ 
relative  to  the  plasma  shift  so  that  (fig.  9) 
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to  the  plasma  as  a function  If  *“®  » ™“ltant  pfwer  Sit 

were  obtained  under  assumptloL  current  leakage  wlues 

cancel  in  further  calculatiorof  ^ ® J"  ®**^°*’  ^25^.  These  errors 

^0007^1  estimated  lost^irSIvlS^nla^^^^^*® 

4,000V  is  significant,  but  well  nndll  plasma  currents  at  Von  = 

a solar  array  this  size.  roughly  l kilowatt  available^from 


es^-^n.  * ® r®'^*  plotted  in  fig.  12 
estimates  In  ref.  3 using  constant  iJL 


comparison  with  the  earlier 
per  unit  area  and  reducing  the 
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total  by  90f.  to  allow  for  relative  Inaulator/conductor  areas.  The  error 
bars"  show  our  estimated  uncertainty  in  plasma  conditions  and  possible 
reduction  in  total  currents  due  to  90^  insulation  (our  measurements  were  for 
conductive  surface). 


Arcing  to  Plasma 

Arcing,  defined  here  as  any  sharp  and  transient  increase  in  current 
drain  to  the  plasma  was  frequently  observed.  Most  measurements  of  current 
loss  vs.  voltage  were  limited  to  voltages  less  than  2-3  KV  because  arc 
induced  transients  became  so  severe  that  usefol  meter  readings  could  not  be 
made.  Although  some  arcs  were  "small”  and  did  not  affect  the  rest  of  the 
panel  except  for  small  pvases  in  the  current  meter,  many  resulted  in  complete 
discharge  of  the  panel  voltage,  which  required  1-ii  seconds  to  rebuild.  This 
was  visible  both  in  the  collapse  of  the  sheaths  to  much  smaller  dimensions 
(observed  both  in  the  LLTV  dark  image,  see  fig.  13,  and  with  any  Lan^uir 
probe  located  inside  the  sheath,  see  fig.  lU)  and  as  a voltage  drop  indicated 
by  the  power  supply  meter.  The  time  and  electrical  power  required  to  restore 
the  sheath  could  be  appreciable  (estimate  typically  2 seconds  and  50  Joules). 
This  collapse  of  the  entire  sheath  was  observed,-  by  LLTV,  to  occur  even  in 
cases  where  the  discharge  was  observed  to  come  from  an  insulator  surf^e  lo- 
cated 1-2  meters  out  in  the  sheath  and  having  no  contact  with  the  conductive 
panel  surface  other  than  the  plasma  (fig.  15 )• 

The  arcs  were  observed  to  occur  at  positive  voltages  ovei  +U00V,  and 
negative  voltages  over  -1,000V.  There  appears  to  be  ho  particular 
between  plasma  density  and  minimum  voltage  for  the  onset 

ffiven  density,  arcing  would  occur  at  -IKV  on  some  days  and  then  not  occur  at 
?oItagerS  to  -3  KV  the  next  day.  The  appearance  of  the  arcs,  as  observed 
by  LLTV,  varied  greatly.  However,  ai*cs  occurring  at 

to  appear  as  point  discharges,  even  when  occurring  from  an  extensive  ^^t  s^- 
face.  Positive  voltage  arcs  more  often  would  involve  most  or  all  of  a large 
surface  in  a sudden  (less  than  l/30  sec)  bright  discharge. 

A very  interesting  finding  is  that  every  arc  observed  by  the  LLW 
to  date  occurred  from  an  insulator  surface.  We  have  not  yet  o^®®*]^®^  ® 
instance  of  a visible  arc  occtirring  from  the  conductive  surface  area  of  the 

I?  would  uppeur  that  the  arcs  are  the  result  “f  “ 'h^ge  huild- 

up  due  to  sheath  currents  impinging  on  a nor  conductor  in  ^^®!^ 
process  similar  to  that  occurring  with  satellites  in  GEO  during  substo^s. 
Most  of  the  resulting  current  drain  from  the  panel  biasing  power 
must  be  due  to  large  scale  currents  within  the  collapsing  (space  charg 
sheath,  not  directly  due  to  the  small  area  of  visible  flash  region  currents. 


Surface  Glow:  Ton  Focusing 

A very  noticeable  effect  occurs  at  negative  panel  voltages,  where  a 

distinct  ^faca  glow  pattern  Is  observed  by  hLTV  “i!”® ‘f  '“'j" 

the  nanel  (see  fig.  l6).  This  pattern  has  a shape  suggestive  of  a flow  along 
the  panel  and  was  originallv  thoUesht  to  be  iue  to  secondary  electrons  cascading 


324 


..r«d  to  jeco^  Wghtor  J »»roS«  *"- 

=TaJL^J:o£lf~  It  s^ro% 


CONCLUSIONS 


estimates  basedf  on  calculations  of  space  charge  limited 
2t?!Lerr;?"^  ^ promising  working  model  for  caSSa^i^HesSn 

»:orLnr 

dlffer!nf  do?  adequate  math  models  to  provide  continuity  between 


inten^d  results  are  preliminary,  based  on  exploratory  measurements 

:Sc?nr„rH”1« 

and  Ls^?  ^’°  development  of  both  models 


curreSs  equilibrium  high  voltage  leakage 

indicated,  particul^rlVfor  ve^"  "^Se'^writf" 

sigSficaS  ^ess  ad  phenomena  threatLs  to  be  much  more 

MoS  d??^  f adequate  means  are  developed  to  understand  and  control  it 
More  detailed  and  complete  study  of  the  large  scale  high  voltasrshSthf 

^ile  the^deMe^i*^^  appears  basic  to  an  adequate  treatment  of  both  problems. 
,m  J P^®®®"*  Off  ary  natural  clTargrbSld- 

aurSr  ^ surfaces,  the  plasma  sheath  formed  around  any  Sgh  volwf 

ITZl  rSn"  f^rounding  structure  in  an  environment  Je^  I^iuS 
flows  of  the  L??^J?!d^  conditions.  Within  the  sheaS,  strong 

whilp  mnc-  ' ®P®ci®s  of  charge  are  accelerated  to  kilovolt  energies 

cll^t  lTt  tfSLf  Sheath  Lrtnd 

eventual  LcLg 
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APPENDIX  A 


CALCULATION  OF  SHEATH  THICKNESS 


Sheaths  is  expected  to  vary  in  such  a manner  that  space 
prevail.  The  calculation  is  somewhat  differ- 
ent from  the  usual  case  considered,  in  that  the  current  density  available 
virtual  "electrode”  formed  by  the  outer  sheath  sm-fL^s 
considered  as  fixed  (by  the  ambient  themal  motion  or  orbital  velocity 

surfacL^Jth  that  boundary)  while  the  separation  of  the  two  "electrode' 

s^faces  (the  outer  sheath  boundary  and  the  panel  face)  is  freely  variable. 

calculate  the  expected  sheath  thickness,  d,  for  the  case  of 

random  thermal  current  of  the  attracted 
particle  species  (electron  or  ion) 


= 1/k  N q 

vmn 


(1) 


or  for  directed  (l-D)  flow 


m 


(la) 


expression  for  planar  diode  space  charge  limited 


sc 


(2) 


^erefore,  defining  kT  = E (expressed  in  electron  volts)  and  k*  to  incoroorate 
the  appropriate  velocity  distribution  function  in  a general  expression  Sr 


J.  = k*  N q 
o o ^ 


kT 


We  obtain 


im 


_ 5. 89x10 3 


No^  E- 


(3) 


Wh.re,J^  - 1.0  for  a flow  and- >li?:  . .63  for  Marwall  distribution.  In  most 
cases  Of  interest,  k is  probably  close  to  1.  Even  the  thermal  electrons 

nZl  distribution  altered  significantly  from  Maxwellian 

near  the  sheath  bo^mdary,  as  there  exists  flow  in  but  none  out. 


Notice  that  the  particle  mass  (m)  does  not  appear  in  (3).  For  a eiven  ninqmn 

onnosif  the  electron  sheath  will  be  the  same  sife  as  the 

opposite  polarity  ion  sheath  if  their  temperatures  are  the  same.  The  current 


'lensities  across  the  sheath  outer  boundaries  will 
the  ratio 


be  higher  for  electrons  in 


oe 

>01 


Vi 


T.m 
1 e 


ik) 


For  the  case  of  streaaing  flow  velocities  greater 
(usually  the  case  for  ions  in  low  earth  orbit)  it 
carefully  selected  equivalent  temperature,  or  the 


than  mean  thermal  velocity 
is  necessary  to  use  a 
direct  ej^resslon 


where  <7>  is  the  average  velocity  (i.e.,  orbital  velocity  or  velocity  of 
nS^®"*  ““  energy)  and  0 is  the  angle  between  flow  vector  and  sheath 


(5) 


The  resulting  relation  between  plasma  density  and  voltage  recuired  to 
cause  a given  sheath  thickness  d is  plotted  in  fig.  20  for  several  values  of 
a.  The  calculation  should  he  reasonably  good  for  d « 1 meter.  For  d = 1 

r ^ similer  expressions  can  be  obtained  for  cylindrical 

and  spherical  geometry  respectively,  using 


cylindrical 

j 

•'oe  9 V®  «2 

ta3 

(6) 

spherical 

"’os  9 Vm  2 2 

r X 

(7) 

where  and  3^ 

thick  sheaths  we 

are  quantities  tabulated  by  Langmuir  (refs.  5 and  6). 
use  an  approximation  from  ref.  3: 

For 

/r 

x2t5;l.l6  f-£) 

(8) 

where  r^  = outei  radius  of  sheath,,  a = probe  radius.  Therefore  (3)  becomes 


(d  + a)  = r_  = 137 


iaVl 


3/7 


N. 


2.'7gl/7 


(9) 


result  for  d = 3m  (with  a = ^i.  E = lev)  is  also  plotted  on  fig. 
comparison  with  the  planar  calculation  at  10  ft.  The  actual,  roughly 
cylincjrical  geometry,  value  should  lie  somewhere  between  these  extremes. 
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CONCENTRATED  TO  SURFACE  AREA  A CF  OaiECT 

Fig,  2b  - Limitation  of  current  multiplication 

2a  - Effect  of  sheath  size  relative  to  object  size  ratio  vs  voltage  expected  for  collecting  objects 
on  plasma  current  collection.  of  increasing  size,  assuming  sheath  size  limited 
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Preliminary  model  of  expected  space  charge  limited  sheath 
development  around  a 10  MW  solar  array  in  LEO.  Voltage, 
with  respect  to  plasma  potential,  along  the  array  must 
shift  so  as  to  balance  ion  current  against  electrons. 
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Fig.  10  - Effect  of  internal  loading  of  series  connected  (floating) 
high  voltage  array  due  to  plasma  leakage  currents. 
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Py  cyl  indrical  lens  effect  of  space  charge 
sheath.  Model  is  Qualitative,  to  illustrate  relative  behavior  to  be 
expected  as  sheath  expands  (with  increased  V,  or  reduced  density). 
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Fig.  19  - Surface  Glow  (Ion  Focusing)  at  grounded  end  of  panel  (sheath 
thickness  flattens  to  zero  as  voltage  decreases  to  ground). 
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PLASMA  SHEATH  EFFECTS  AND  VOLTAGE  DISTRIBUTIONS 

OF  LARGE  HIGH^POWER  SATELLITE  SOLAR  ARRAYS 

Lee  W.  Parker 
Lee  W.  Parker,  Inc. 


SUMMARY 


< 


using  the  thick-sheath  limit  fho  ettects  are  investigated 

Sheath  limits  on  thl  flJSJg  cJl!?1gur«1on°oA“r‘"«  thln-sheath  and  thick? 
Studied,  under  conditions  appropriate  to  both po  ^ connected  array  are 
and  paras  tic  power  leakageTe  es?iLted  thickness 

fields  using  a 3-D  code  are  displaye^?n^th^th^r^®JJ^^k.'^i''l’®^  computed 
barriers  appear  in  the  cases  of  afa  ino.^iJ^  Potential 

}b)  an  "overlapping  sheath"  interactioJ  nrnhiL^^""®?*®^  aod 

large  voltage  jumps  between  them.  P>^oblem  involving  adjacent  strips  with 


INTRODUCTION 

High“pow6r  solar  arrays  for  ^ 

planned  with  dimensions  of  kilometers  and  with'"ton!^®?^i.®r®  P'"®s®otly  being 
over  their  surfaces  Thi^  with  tens  of  kilovolts  distributed 

an  array  with  exposed  interconnects  ^that*"i^^  potential"  of 

figuration  under  the  conditions  of  (al^oJer^’i  equilibrium  voltage  con- 

r^lative  voltages  along  the  arrav  bitipon^rk^^  current  balance,  and  (b)  fixed 
Knowledge  of  the  floating  configuration  negative  terminals 

plasma-interaction  effects  in  both  inw  1 ?u  estimating  a number  of 

orbit  (GEO).  Among  these  arr(afp\J?^?rS^^  geosynchronous 

plasma  currents,  (b)  power  leakaop  leakage  due  to  ambient 

and  erosion,  (dj  secondary-electron  om^cc^^°”  thruster  currents,  (c)  sputtering 
effects,  and  (f)  differential  charging  effect?*^^  cascade,  (e)  velocity  wake 
part  of  it  is  positive  and  the  remainlr  i*rj|gati5e."'’''"^  « 
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neglected  In  previous  analyses.  One  of  these  Is 
that  the  positive  section  may  be  smaller  than  the  sheath  thickness  and  may 
^ t^^^tment  than  the  usual  planar  approximation  based  on 

the  thin- sheath  limit.  One  result  Is  that  more  electron  current  may  be  col- 
lected than  may  be  expected  on  the  basis  of  a thin  sheath:  this  shortens  the 
pos  tive  section  further.  Another  effect  1s  the  possIble’apSeara!!?^?  a Joten- 
electrons  (the  array  has  a net  negative  charge);  this  tends  to 
reduce  ®^®Jtron  currents,  thus  lengthening  the  positive  section.  The  question 
Th«  by  self-consistent  calculations  Including  space  charge! 

thin-sheath  problem  a priori;  the  size  of  the  posl- 
tlve  section  depends  on  the  solution.  Also,  the  thin-sheath  concept  must  break 
down  when  the  array  Is  looking  Into  Its  own  wake.  muse  oreax 

sheath"  assume  two  limits,  those  of  a thin  sheath  and  a thick 

^ associated  floating  voltage  conflgura- 

tions  of  a linear  40-kv  array  with  exposed  Interconnects.  The  thick-sheath 

iiIsfctLt^!ni^*.r°’"  ^"vestl gating  finite-sheath  effects.  The  true  self- 
consistent  solution  may  lie  between  the  two  limits.  Potential  barrier  effects 
on  the  array  voltages  are  neglected.  The  floating  configurations  can  be  deter- 
mined more  precisely  including  the  effects  of  potential  barriers  by  self- 

a?"weif^«  solutions  (cf.  ref.  1).  Magnetic  fields  are  neglected, 

as  well  as  voltage  drops  due  to- internal  currents. 

results  obtained  by  analytical  approximations  for  sheath 
bSth^LFO  anri  rpn°"  PJ'^asitic  power  leakage  in  the  two  limits,  are  presented  for 
JnJS  r»?if3^DSr  structure  of  the  sheath  is  computed  using  a 3-D  computer 
code  called  PANEL  (raf.  2),  where  a flat  rectangular  plate  with  a nonuniform 
distribution  of  surface  voltage  serves  as  a model  for  a flat  high-voltaqe  solar 
array.  In  the  thick-sheath  limit  the  field  solution  shows  that  the  potential 
barrier  for  electrons  has  a height  of  2 kv  for  a 40-kv  array.  Thus  ^for  elec- 
trons  with  temperatures  below  2 kev,  the  electron  current  would  be  redSced  and 
the  positive  section  of  the  array  would  increase  in  size.  The  appearance  of  a 

3?^^"panfi  typical  in  differential  charging  situations  (refs.  1 and 

3).  PANEL  was  used  also  to  compute  fields  for  various  finite  sheath  thick 

r?  ; sp«e-cbdrge  n»de1.  The  rlsduH^t  shSwJ  her% 

Also  examined  is  the  "overlapping-sheath"  question  of  current  collection 

fo/pxamnf!  between  them.  (This  could  apply 

exposed  terminals  on  the  back  of  an  array.)  The  model  consists 
strips  at  0 and  1000  volts  (assumed  relative  to  space).  The 
p asma  currents  are  calculated  using  the  "Inside-out"  method  (ref  4)  of 

Jial  h'9!-''®ltage  areas  tend,  th?S  illation  Sf  poten- 

tial  barriers,  to  prevent  the  plasma  particles  repelled  by  them  from  reachino 
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CONDUCTIVITY  OF  INSULATED  SURFACES 


We  assume  here  that  the  array  has  a conducting  surface  (interconnects 
exposed  to  the  plasma).  It  should  be  noted  that  the  alternative  option  of 
Insulating  the  entire  array  from  the  plasma  by  a thin  perfectly  non-conducting 
dielectric  coating  Is  unfeasible,  for  the  following  reason.  An  Insulated  array 
would  tend  to  float  with  all  surface  points  equilibrated  to  a potential  of  the 
order  of  the  plasma  temperature  (or  of  the  photoelectron  energy  where  photo- 
emission Is  dominant).  With  large  voltages  (tens  of  kilovolts)  existing  on  the 
array  surfaces  under  the  dielectric  layer,  a thin  dielectric  layer  of  the  order 
of  20  microns  thick  can  be  subjected  to  electric  fields  E of  the  order  of 
10'  v/cm,  well  above  nominal  breakdown  thresholds.  Hence  breakdown  is  likely 
for  very  good  Insulators. 

A small  but  finite  dielectric  conductivity,  on  the  other  hand,  can  change 
the  problem  essentially  from  that  of  an  insulating  surface  to  that  of  a con- 
ducting surface.  To  estimate  the  "cross-over"  critical  conductivity,  we  com- 
pare the  rates  of  (a)  surface  discharging  by  conduction  through  the  dielectric, 
and  of  (b)  surface  charging  by  plasma  currents.  The  ratio  of  these  rates  may 
be  approximated  by  oE/j,  where  o,  E,  and  j denote  the  conductivity,  internal 
electric  field,  and  charging  current  density,  respectively.  This  ratio  should 
be  greater  than  unity  to  avoid  breakdown  and  effectively  to  provide  conducting 
surfaces.  Assuming  j=10“'^  amp/cm^  as  typical  of  ijlEO  conditions,  and  E=10® 
v/cm  as  a maximum  allowed  value,  we  obtain  oE/j=10'°  o(mho/cm).  Hence 
0=10-16  mho/cm  is  the  critical  conductivity.  A change  in  o of  a half  of  an 
order  of  magnitude  in  one  direction  or  the  other  will  make  the  layer  essen- 
tially conducting  or  essentially  nonconducting.  Typical  spacecraft  insulating 
materials  such  as  quartz,  Kapton  and  Teflon  have  lower  conductivities  than  this 
in  the  dark  but  higher  conductivities  than  this  in  sunlight  (ref.  5).  Hence 
at  least  in  sunlight  a quartz-  or  Teflon-coated  front  surface  may  be  considered 
conducting,  and  the  analysis  of  this  paper  applies.  (However,  the  Kapton  back- 
ing presently  contemplated  for  the  back  surfaces  of  the  array  is  a good  insu- 
lator in  the  dark  and  runs  the  hazard  of  incurring  breakdowns.) 

In  the  next  section  we  treat  sheath  thickness,  for  the  case  where  the 
sheath  is  due  to  the  ambient  plasma.  Photoemitted  or  secondary-electron  con- 
tributions should  also  be  considered  since  in  GEO  they  may  contribute  signifi- 
cantly not  only  to  fluxes  but  also  to  space  charge  and  reduced  sheath  thickness. 
Strong  photoemission  contributions  are  treated,  for  example,  by  Parker  (ref.  6) 
and  by  Soop  and  by  Schroder  (see  ref.  7).  Their  effects  are  also  discussed 
briefly  in  the  present  paper. 


SHEAIH  THICKNESS 


We  assume  the  solar  array  is  a flat  rectangular  plate,  with  the  voltage 
distribution  on  its  surface  varying  linearly  along  one  of  the  dimensions,  and 
constant  along  the  other  dimension.  The  surface  is  assumed  to  be  conducting 
(that  is,  the  solar-cell  interconnects  are  assumed  to  be  exposed  to  the  plasma). 
Figure  1 shows  schematically  how  the  sheath  might  look  in  a side  view  of  the 
panel,  with  the  floating  voltages  distributed  from  left  to  right.  The  negative 
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the  right  is  relatively  shortrlf  length^L?^  The  positive  section  on 

two  sections  is  at  space  potential  The  aSeaflJ  between  the 

to  thicken  as  the  voltage  relative* to  sections  are  shown 

tive  section  (Li)  collect  mwt  rinS  n»agnitude.  The  nega- 

collects  mostly  electron  current^  The  Hne!i’»/!!if  ® Positive  section  (L?) 
is  shown  in  the  lower  part  of  the  flSLi^  variation  on  the  sur  ace 

(e  g self-consistent  numerical  solutions 

howl^er^and  iinsJsti  ess^t?a?lv  oSlS  ^f  ^51"  ^^®  body  di*!!eJs??ns. 

an  anai;tical  aJpJox  mat  oS  s IJalll^lfbas^^^^^^  amblent-plasma  particles, 
diode  model.  thrso-can^Ch^d  for  rh^w  i 

a unipolar  sheath  model  wherein  tL  attrarfoH^^h^^'^^d"’®^®*  ^bis  is 

in  a beam  toward  the  collecting  plate  particles  are  accelerated 

denote  the  particle  chariraild  mSlr  v Jf®  ®"®'‘9y-  e and  m 

rent  density,  and  S denotes  the  diode^platrseDaJftiSl^®?^  ^^® 

ness  my  be  estimated  fro»  tne  Child  lL  reUtiSg^v!  "l  a*Jd"s!'"lS'‘c!9“s?'unns. 

s = (2e/m)^/^.V^/V(9irj)^/2 


also  a sIgni.icaM  dHttrelScIti  V Z dlstrlBution.  if  there  is 

the  panel,  Jq  may  be  replaced  by^fexpUM^'  Sfi  Vl  ? toward 

the  ion  Mach  number  M=(mVnV2kT)^  Thuc  %n  Jo*  where  M is 

account  both  thermal  and  §rift  ^on  “ram")  cu?reSts'ai 

planar  equation  (1)  may  be  written  currents  at  the  sheath  edge,  the 

S(meters)  = 9.33 ^ V^^^(yolts) 

n *^{cm"'^).T^(ev)-(RAM)^* 


where 


RAM  = exp  (-M^)  + (1  + erfM) 


dimensions.  Corrections^for^non^'planaritv^^^  exceeds  the  body 

gous  spherical  diode  model,  where^tKJti^ls^moJrr!!^  made  using  the  analo- 
outer  emitter  to  an  inner  spherical  coflector^^wTfh®«*^®^^®  inward  from  an 
muir  and  Blodgett  (ref.  11)  Give  a tahlp  no  angular  momentum.  Lang- 

junction  with  equation  (2)^  “it  should  ho may  be  used  in  con-^ 

the  panel  is  looking  into  the  ra^SlJ^tlon  a^^^^^  assumes  that 

into  the  wake.  airection  and  is  invalid  if  the  panel  looks 


FLOATING  CONFIGURATION  BASED  ON  THIN  SHEATH  LIMIT 


»'eferring.  to  figure  1 and  assuming  only 
voltages  compared"w5?!I  JIrSide"^n1rg?Is?!‘'aXd\'eclllsl  in1h?rM,m1ho'r2r- 


RAM-J,0-L,  = 


jeo‘4 


(4) 


,c:»Hcttiveiy;  ana  kmm  is  denned  by  equation  (3)  If  the  , 
looks  into  the  ram  direction,  QAM  can  be  greater  than  unity  for’the  ions  For 


1 


A- 

/ m. 


(RAM) 


(5) 


where  nje  and  m,  denote  the  electron  and  ion  masses,  respectively.  Results  for 
"THIn'^GEO"^  columns  labelled  "TniN  LEO"  and 


vields°RAM-22”7  12),  which 

Jf.fanft"’  °J,  J”"  ""'’‘ir  * one-filJmeier  array  Ihill  ille  posi- 

tive  end  of  a 40-kv  array  floats  at  V2=+4700v.  The  negative  section  lenqth  ami 

Li=883m  and  Vi=-35300v,  respectively.  These  values  of  L?  Li 
Vz,  and  are  shown  in  the  "IhiN  LEO"  column  of  table  1.  From  equation^(2r 

the  UnaJhaVSfh  **  <=«"P«'-ed  with 

tne  lengths  of  both  the  positive  and  negative  sections.  Hence  the  thin-sheath 

ll°wever,  it  should  be  noted  that  we  are  neglecting 
edge  effects  and  velocity-flow  wake  effects.  neglecting 


F rom 


For  GEO  we  assume  hydrogen  ions,  with  Hach  number  zeroii.e  RAM=1)  rrf 

Pos1tive-«ct,-on Tnjih  and 
are  L,=23m  and  «2=a900v,  respectively. 


- — wi  s.  Qfiu  vv“^^:;uuv,  respecnv0 

The  length  and  end-voltage  of  the  negative  section  are  Li=97/ni  and  V ^-loioov 
respectively.  Ihese  lengths  and  voltaao'?  chntAin  irk  4-ia  CU..  (tt.  m 


respectively.  Ihese  lengths  and  voltages  are  shown  in  the  "Ihin  She.'th"  d>ao 

shelir^hicknesses  assuming  nQ=l  cm“3  and  T=10000ev,  we  obtain' 

thl?  ic''"!  ^ ^ ^ S2-150m,  that  is,  large  compared  with  Lo;  and  Si-260Um 

sections  are^thi^rrln  sheatSs  of  both 

co^fectioS  fa^toJs  IJp  Langmuir-Blodgett  spherical 

factors  are  applied),  and  the  thin-sheath  assumption  in  the  ab-ence 

si^rrnhnJnliio®?'^  photoelectron  contributions  is  invalid  for  GFO.  However 

th^sheSth  w 1?  contributions  are  important  in  GEO, 

the  sheath  will  be  of  finite  thickness  and  its  structure  must  be  calculated 


am 
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^ Nevertheless,  the  thick-sheath  limit  is  use- 

ful  for  investigating  finite-sheath  effects. 


FiOATING  CONFIGURATION  IN  GEO  BASED  ON  THICK  SHEATH  LIMIT 


thick-sheath  (Laplacian)  limit,  a sphere  collects  attracted- 
Unjmuir  formula  well-known  orbit-limited  ideal 


0=(l 


+ c®Vl, 
‘^RTJ 


(6) 


where  Jq  is  the  random  thermal  current  density  and  c is  equal  to  unity  Other 
3-dimensional  shpec  as  well  can  collect  orbit-limited  current  in  a«L  with 
equation  (6)  with  c=l  (ref.  13).  A flat  circular  surface  (such  as  thfend  of 

ipcc  J.^’"®®r/^“*;‘»'ent- voltage  characteristic  descrtbable  by  equation 
Icss  than  unity  (ref,  14).  We  assume  here  that  all  points  of  tne 
(conducting)  solar-array  surface  collect  current  density  proportional  to  i V 
^his  implies  that  (a)  the  voltage  everywhere  is  large  such  that  eV/kT  is  larqe 
compared  with  unity,  (b;  only  attracted  particles  contribute,  (c)  the  coeffi- 

no  potent? il  b!rr?I"! 

men,  since  V-V(x)  and  j-j(x)  are  linear  functions  of  position  x on  the  oanel 
integrate  j(x)  over  x to  compute  the  total  currents  collected 


mi 


(RAM) 


(7) 


for  the  ratio  of  lengths,  independent  of  the  coefficient  c.  That  Is  the  thick- 
equation^(5).^^^^^  corresponding  thin-sheath  ratio  in 

rcn  for  GEO  are  shown  in  the  last  column  of  table  1.  labelled  "THICK 

and* I -J5h  negative  sections  of  a one-kilometer  array  are  Lo=132m 

and  L] -868m,  respe_ctively.  The  corresponding  positive  and  negative  end-^ 
voltages  are  V2=+5300v  and  Vi=-34700v,  respectively.  These  iSs  Td  volt- 
ages are  shown  in  the  "THICK  SHEATH"  diagram  of  figure  2.  ^ ^ 


POWER  LEAKAGE  IN  LEO  AND  GEO 


in 


We  may  estimate  pov;er  losses  to  the  plasma  In  a similar  manner  to  that 
which  we  estimated  floating  voltages  above.  For  the  thin-sheath  limit  the 
current  density  is  constant  over  the  (positive  or  negative)  section,  and  the 
voltage  varies  linearly.  Hence  the  power  density  varies  linearly.  The  average 
power  loss  per  unit  area  may  be  shown  to  be  given  by  " 
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p ™ V/2 

■^(thtn  ■ ^T~I  I — r (a) 

sheath)  B®TJ~ 


written  ^ electron  temperatures,  the  current  density  may  be 


jo(amp/m  ) = 2.68  x lU’^  n^(cm-^)  /iTe^/fn(mJ 
becomes denotes  the  particle  mass  in  units  of  the  electron 


(9) 


mass;  and  P 


fwatf 
(thin  ■"T" 
sheath)'.  J 


1.34  X 10-8  ^)-/TTevT 

[1  + viriTTiH^/  ram] 


(10) 


Again,  the  array  is  assumed  to  be  looking  into  the  ram  direction  in  collpctina 

w^ta1n%2  "°Th!’  9'ven  In  table  1,  and  taking  »=4oJoo®voUs 

effect.  It1h“td‘'re're™:?e?ld^22i;e?°\hrth‘nK'l?d1b1?k^^ 

10?  «-3'ln  ?bl  ?^regL  «'"®  ®»“'8  90  4S  high  as 

thick-sheath  limit,  the  current  density  may  be  assumed  U vary 
lI?ie^^uadrati^^^I;®  ^?h  floating  configuration.  Hence  the  power  density 
giUe^br  P®"  be  shown  t^ be 


P.  = (cV/3)-(eV7kT) 

I thick 


sheath) 


T 


r— 12 


^ MW3^^ 


(11) 


where  c is  the  coefficient  in  equation  (6).  In  practical  units,  P becomes 


(thick 

sheath) 


(watt) 


m‘ 


= 0.89  X 10‘®  (volts)  ■n^(cm-^//1W 

[1  + (m^/mg)'**  / RAm'"]^ 


(12) 
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so  that  the  sheath*^1s*^thifk^rather*^than  wake, 

It  should  be  noted  that  if  we  had  included  photoeleetron  contributions: 

(a) ,  the  photoelectrons  (of  enerqv  of  the  ordpr  nf  un^^-o^  u j-, 

escape  from  the  negative  section  but  not  from  the  positive  sIctiJn, 

(b)  the  photoelectron  current  density  escaping  from  the  neaative  ^er 

Ju??enrde^itrorthP  1'jg^i'tude  with  the  plasma  ellctron 
current  oensity  on  the  positive  section. 

ZZvTr"  ?hTshenil''wo"?rbrSin'°&?i;fn 
J^e’^rdeJ'’S?’41,Tr’'?n  w^kri^^JtsTwSS?^^"; 


STRUCTURE  OF  SHEATH  IN  GEO. 
NUMERICAL  RESULTS  OF  COMPUTER  CODE  ''PANEL" 


analy{?cau'j  b;^‘li^th?c^X^l:^  *d^  •> 

?ute?“SfMNEL  "'rhus^^iSria™?'''”'''  “““  “•'’  obtainerb^the^CMw''  ’ 

the  length  of  the  panel.)  ^ ^ ^ equation,  all  lengths  scale  with 

s.s::.3  .w.rs  " 

Fi9^^g  4 shows  th6  pdnci  d©finGd  ds  a « -i 

\inis  inside-out’  method  was  developed  in  1964 


lions ^ to ^ sheath  prob- 

tlons  to  a point  on  the  tanel*  in  ona  awamli^'lu®  ^yP®s  of  ti^ajectory  contribu- 

aifibient  plasma  at  infinity  while  in^tS^lEl®  ^5f  trajectory  comes  from  the 
another  point  on  the  panel  (fa  ^ sSnr.Sl^®'*  the  trajectory  comes  frl 
trajectory  which  actual  if  occurs’  fof  f ^ Photoelectron) . ihe  type  of 

only  be  determined  by  «>««y'vector/Sn“ 

f1.xei"o?  eonflauratlon.  the 

unti  there  is  g obal  current  baianL  d ’^®'?^^ve  potential  differences! 

grating  the  product  of  lSc~?  n^riJJ^int  '?  calculate^"'  ' e- 

the  surface  of  the  array.  ^ density  times  local  potentia  ,ver 

3-dimensiotial  x-y-fspacf  ^ Thif  Panel  is  represented  by  a large  arid  in 
by  interpolation  between  grid  points*^wherf  forces  along  trajectories 

figure  5 the  coarsest  Posfi'Me^gHf  if Potentials  are  defined.^  fn  ^®' 
panel  is  represented  bv  the  shovi/n,  with  only  32  grid  points  Thp 

probjen.  orders  of  ™X‘Sl  » «tla1 

points.  About  3000  points  wer.rd^1o^^?ptn^^^'rir;?crdl““ss1d'h“eTj'^- 

?h  ' ^^""^i^oear  algebraifequationf replacing  Laplace's  equation 
the  boundary  conditions  is  tha?  tha®  oach  unknown  potential  One  nf 

surface-potential  duJriJStl’^sX^",??  "’'  pre^crited  ianS 

oJ*?h2  The  other  condition  is  that'thi 

On  the  outer  boundaries  of  thP  nriH  ^ ® potential  vanish  at  infinite 

tionship  between  i?s  mIm  Md  i^I  satisfies  a suitable  relS- 

cJaft^Si®-^  *i»Ple»enLl?  fw  wampu'  /™a«l“res  are  outlined 

craft  model  in  r-z  geometry.  example,  in  reference  fi  for  a space- 


Linear  Voltage  Distribution 

IS  displayed^in^fjgiJ^^e^iJ  thf  form^o/i^^^f ® hyd'ogen  plasma 
equipotentials  are  divided  into  equipotential  contours^  The 

potential  {space  Poten«l?)^X„Tt 

E]L^^®  contours  are  contained  withiffM  ® ^?®  Positive  end.  Thus, 

tive  contours  have  expanded  to  the  rioht^^^SIJ  h*"®  ' contour.  The  nega- 
creating  a negative  saddle  point  (potentiai^h?f^^^®^  ^^®  PP^i^^ve  set  and^ 
array  length  L to  the  right  of  thfHaJffL  nrir  electrons)  at  about  an 
because  the  array  has  a net  neqativ^  oKrof  This  happens 

?mn  all  electrons  with  energies  ?lss  2.1  kv, 

tf?hf7Kr®^r®  2 kevfthe  positlSfnf^l  ^®?*^®*  ®^ec- 

to  the  left,  toward  the  midpoint  (at  Potential  is  moved 

midpoint,  the  negative  and  ^®ro  potential  were  at  tho 

tial  distribution  ^uid  be  d^pole-^ite"?  Xtric  a“lhe  pcJen- 


The  solution  displayed  in  figure  6 is  the  Laplace  field.  Solutions  were 
also  obtained  for  finite  sheath  thickness  by  the  assumption  of  linearized  space 
charge.  This  leads  to  a Helmholtz  equation  with  a Debye-length-like  parameter 
(refs.  15-16),  whose  solutions  are  3-0  generalizations  of  the  well-known  Debye 
potential.  This  parameter  was  assigned  successively  smaller  values,  represent- 
ing a set  of  solutions  (not  shown)  for  diminishing  Debye  length.  With  decreas- 
ing Debye  length,  the  above  potential  barrier  becomes  smaller  and  is  "pulled 
in"  toward  the  edge  of  the  array. 


Alternating  Voltages  - Overlapping  Sheaths 

Figure  7 Illustrates  a panel  with  alternating  strips  of  zero  volts  and  one 
kilovolt.  This  case  can  represent  exposed  connections  on  the  backside  of  an 
array.  It  was  run  to  determine  the  effects  of  "overlapping  sheaths,"  that  "is, 
the  effect  on  the  current-voltage  characteristic  at  a point  on  the  surface  due 
to  a different  potential  maintained  nearby.  For  one-volt  ions  and  electrons, 
it  was  found  that  on  the  zero-volt  surfaces  the  low-energy  ions  (repelled  par- 
ticles) were  excluded  (by  potential  barriers)  because  of  the  adjacent  +l-kv 
surfaces,  while  the  electron  fluxes  (attracted  particles)  had  essentially  their 
random-thermal  values.  On  the  1-kv  surfaces,  the  ion  and  electron  fluxes  were 
essentially  the  same  as  for  a flat  surface  entirely  at  1 kv,  namely,  slightly 
less  than  half  of  the  ideal  Langmuir  value  due  to  excluded  trajectories  for  the 
electrons  and  the  Boltzmann  factor  for  the  ions. 

Figure  8 displays  the  equi potential  contours  for  the  field  solution  cor- 
responding to  the  alternating  strips  of  figure  7,  including  three  saddle  points  . 
associated  with  each  of  the  three  zero-volt  strips.  The  figure  is  symmetric 
about  the  panel  center  and  is  drawn  only  for  the  right  half.  The  sizes  of  the 
potential  barriers,  320  volts  and  93  volts,  show  why  the  repelled  low-energy 
particles  v^re  excluded  from  the  zero-volt  strips.  If  there  were  infinitely 
many  strips,  periodically  spaced,  the  saddle  points  would  also  be  periodically 
spaced  and  centered  above  the  zero-potential  strips. 

The  alternat'.'ng  voltage  configuration  on  the  array  was  assumed.  Its  float- 
ing configuration  was  not  determined.  This  would  require  a numerical  self- 
consistent  solution  because  of  the  potential  barriers. 

This  paper  has  benefited  frrm  the  author's  discussions  with  James  6. 
Laframboise. 
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Table  1. 


SHEATH  THICKNESS,  LEN6THS,  AND  VOLTAGES  OF 
POSITIVE  AND  NEGATIVE  SECTIONS 
OF  A 40-kv  ARRAY  OF  LENGTH  1 km 


THIN 

THIN 

THICK 

, +‘-E0 

.GEO 

.GEO 

(0*  Ions) 

(H  Ions) 

(H  Ions) 

M » Ion  Mach  number 

6.4 

0 

0 

RAM  = ram  current  factor 

23 

1 

1 

L^Cmj  = length  of  positive  section 

117 

23 

132 

L^(m)  * length  of  negative  section 

883 

977 

868 

V2(v)  = positive-end  voltage 

U700 

+900 

+5300 

V^(v)  = negative-end  voltage 

-35300 

-39100 

-34700 

0 

rt^Um"  ) = ambient  plasma  density 

10^ 

1 

1 

T(ev)  = ambient  plasma  temperature 

0.1 

10^ 

10^ 

S2(m)  = sheath  thickness  at  positive  end 

30 

150 

00 

S.|(m)  = sheath  thickness  at  negative  end 

28 

2600 

00 

MlculaJion 

sheath  limit  in  hydrogen  plasma. 


thick- 
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Figure  4.  • Computational 


model  for  array  panel 
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effect  of  parasitic  ?IAS^iA  CURRENTS  ON  SOUR-ARRAY  POWER  OUTPUT 

Stanley  Dbnltz  and  Jdseph  C.  Koleckl 
NASA  Z<ewl8  Research  Center 

SUMMARY  - 

tettce^S^aMamrioadrS^rMn^i^t^of^  assuming  the  exis- 

collected  by  the  array.  Three  cases  of  particles 

how  the  distribution  and  ma^ltudrof  ® calculated  to  demonstrate 

array  perfdrmance  degradatiS  became  affect  output.  Solar- 

rent  plus  the  load  cSrrettr«ceeSef  parasitic  cur- 

graphical  methods  were  useful  for  many  current.  Apprdximate 

calculated  by  summing  throJoduo^  aPPUcatlons . Power  loss,  which  was 
uhderestimated  the  loss  in  maximum  poSS!*  ^ current  and  the  local  potential. 


INTRODUCTION 

the  past:  The  InteJacS  of hT^hllv^if  *^C8e  used  in 

environment  has  been  the  sublect^nf  ^ solar  arrays  with  a charged-particlt 
considered  here  if  JhrefJift  of  ^^»4roble, 

curve  of  the  sOlar  array  itself^  Thf  JaM^ i-l  ? voltage- current  output 

temal  collection  of  ambient  chargS  bartlclef actually  the  ex- 
fhe  solar  array,  degrades  useful  frray  power  outpuf  exposed  conductors  oi 

the  solar  array  and  the^^if  t**apacf  f asma  and* f Interaction  between 

array  and  the  low-energy  plfma  eSif ed  frSS  between  the 

electric  thruster.  emitted  from  an  onboard  ion  source,  such  as  an 

to  change  the  efff  Sve  ^eratif  ^poif  f current  collection  is 

load  current  the  solararJf  of  ® ® 8^^®”  required 

a lower  powt  - output.  The  current  It  each  indiifd**^/°^f  therefore  at 

the  normal  load  current,  which  passes  eauallv  tf  ^ i solar  cell  is  the  sum  of 
string,  and  the  porasitic  current,  which  varies  f ^ cells  in  a series 

current  is.  in  general,  a function  of  the  cf  1 potencf parasitic 
solar  array,  and  the  ambient  plasma  condii-<f  a S S 55®  position  on  the 

current  is  known,  its  voltagef an  be  calf ifed  **u  solar-cell 

current  curve  for  the  type  of  solar  ef  i ^ a ^ f characteristic  voltage* 

the  .f  a..  IndlvidiS'cli^iS  " *»  «>“ 

votcages.  A computer  program  was  written  to 
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perfonA  these  sumnetlohs  end  thus  to  obtsln  the  full  solst~olrrey  voltege* 
cutteftt  ciirVe  fot  various  conditions  of  Interest. 

Soler-artay  voltage- current  curves  were  calculated  for  thtee  cases  of  In- 
terest, tepresentlng  three  mechanlsiss  for  parasitic  current  collection: 

(1)  Parasitic  current  collected  unlforaly  over  the  entire  array  - This 
one-dlmenslonal  model  simplifies  calculatloils  since  the  parasitic  current  at 
each  cell  Is  a constant  end  Is  not  affected  by  cell  potential  or  array  geime- 
try.  The  physical  Situation  la  that  the  plasma  sheath  Is  small  in  relation  to 
the  solar-array  dimensions.. 

(2)  Paraslcic  current  collected  as  a function  of  distance  from  a fixed 
source  - the  local  source  In  this  case  is  the  charge-exchange  plasma  emanating 
from  an  electric  thruster. 

(3)  Parasitic  current  as  a function  of  potential  - l^ls  corresponds  to  the 
Infinite-sheath  case,  where  the  collected  current  depends  on  the  local  solar- 
cell potential. 

The  problem  of  parasitic  currents  arises  normally  only  for  high-voltage 
arrays  such  as  those  being  considered  for  hlgh-power  operation.  At  the  usual 
array  voltages  (<L00  V),  the  parasitic  current  is  a small  fraction  of  the  array 
current  and  Is  therefore  not  observed.  For  voltages  In  die  multlkllovolt  range, 
there  is  a compound  voltage  effect  - the  addition  of  parasitic  current  In  icng 
series  strings  and  the  enhancement  of  collected  current  through  growth  of  the 
collecting  plasma  sheath. 


STMB0I5 


A cell  area 

I current  out  of  string  (load  current) 
load  current,  A 

total  parasitic  flux  falling  on  array,  mA 
1 current  ih  solar  cell,  mA 

^mp  current  at  maximum  power,  mA 

1q  reverse  saturation  current,  mA 

Ip  parasitic  flux,  vaA/ca? 

Ipc  parasitic  flux,  IpA,  mA/cell 

Isc  short-circuit  current,  125  mA  (assumed) 
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N number  of  cells  in  series 

V voltage  across  string  (load  voltage),  V 

AV  local  potential  of  solar  cell  measured  from  aero  reference 

V voltage  across  solar  cell,  V 

V voltage  at  maximum  power,  V 

Vqc  open-circuit  voltage  (0.6  V assumed  for  one  solar  cell) 

GENERAl  GALCULATIONAL  SCHEME 


uompucer  calculations 

general  case  of  H solar  cells  in  a series  connection 

(Cl.  C2,  • • •»  Cm,  . . ,,  Cjj),  the  load  current  It  passes  through  each  cell 
and  through  the  load  (fig.  1(a)).  fhe  parasitic  currents 

collected  externally  by  each  cell,  L*shown  in  fia- 
J*  currents  are  additive  so  that  each  eell  carries  the  sum  of  the* 

?o”l  cirrenris  it  i“  the  string.  The 


m 


c-i 


at  the  fflth  cell  and  Increases  Until,  at  some  point  In  the  string,  short- 
clrcuit  current  U reached.  At  short-circuit  current,  the  solar-cell  voltage 

f!?®  Ia  fr**’  remainder  of  the  cells  in  the  string  are  also  at  zero  volt- 
age,  and  they  act  merely  as  a current- carrying  wire. 

each  solar  cell  Is  computed  as  a function  of  the  current 
p sslng  through  it.  For  the  calculations  In  this  paper  a simple  diode  type  of 
expression  is  used  (ref.  6):  *•  k yp  » 


Ktlndg^.  + 1^  - 1)  - 


in  Iq] 


(1) 


where  . v is  the.  solar-cell  potential,  i is 
rent  plus  paraeitic  current),  i^  is  reverse 
constant.  The  basic  cell  used  in  this  paper 
with  an  open-circuit  voltage  of  0.6  volt  and 
ampere.  In  practical  applications,  equation 
Plicated  expression  involving  temperature,  or 
resented  by  a set  of  experimental  data  points 


the  solar-cell  current  (load  cur- 
saturation  current,  and  K is  a 
is  2 centimeters  by  2 centimeters 
a short-circuit  current  of  0.125 
(1)  can  be  replaced  by  a more  coo 
the  solar-cell  curve  can  be  rep- 
In  either  case  the  individual 
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solar-cell  potential  Is  obtained  as  a function  of  current  and  the  total  array 
potential  Is  found  by  summing  individual  cell  voltages:.. 

N 

K«1 

Therefore,  to  solve  for  the  solar-array  voltage-cutrent  curve,  the  re- 
quired Inputs  are 

(1)  The  array  geometry  - the  number  of  solar  cells  In  series  and  in 

parallel 

(2)  The  distribution  of  parasitic  current  collected  on  the  array 

(3)  The  voltage-current  curve  for  an  individual  cell 

The  most  difficult  problem  is  to  obtain  the  distribution  of  parasitic  current. 
In  this  paper  only  sickle  forms  for  parasitic  current  are  used,  but  in  general 
the  current  collected  will  be  a complicated  function  of  cell  potential  and 
array  geometry.  The  method  of  computer  calculation  is  described  in  more  detail 
in  appendix  A of  this  paper. 


Analytical  Method 

It  is  possible  to  obtain  an  analytical  solution  under  certain  conditions. 
For  a solar-cell  voltage- current  curve  of  the  form  given  in  equation  (1)  and 
for  an  equal  distribution  of  parasitic  current  over  the  array,  the  total  array 
potential  can  be  given  as  follows  (ref.  2) 

V « 7^  (A  In  A - B In  B - Nipc)  - KN  In  i^ 

‘pc 

where 


B “ ^c  + ^o  - ^ - Nipc 
Gtaphical  Method 

In  addition  to  computer  calculations,  a graphical  method  can  be  used  for 
most  cases  of  interest.  The  graphical  solution  is  based  on  a simple  approxima- 
tion. It  is  assumed  that  each  solar  cell  is  either  "on"  at  some  average  con- 
stant voltage  or  "off"  at  zero  voltage  in  a saturated  state.  This  requires  a 
rectangular  solar-cell  voltage- current  curve.  Determining  the  total  array 
voltage  becomes  a matter  of  determining  how  many  cells  are  generating  power 
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and  choosing  art  overage  potential  fior  each  cell.  The  graphical  niethod  Is  dla 
cuaaed  further  In  appendix  B of  this  paper. 


Floating  Array 


The  calculetlohs  «er  poeltlvely  «.«  nigetlvely 
exceot  that*  In  general,  the  current  colledtlon  density  will  be 
negatively  biased  arrays  that  are  collecting  Idns.  Tlie  *^®®^*:’**  f®.> 

a solar  array  requires  that  the  zero  potential  point  6f  the  ®"«y 
Jo  tiSJ  Z current  Is  collected;  that  Is.  the 

collection  of  electrons,  to  meet  the  floating  requirement,  an  J*®®® 

dure  can  be  used  to  equalize  the  total  flux  of  positive  f 

Tii  balancing  currents,  the  spacecraft  conducting- area  must  be  taken  Into  ac 

*.r.y.  tho«  cell,  driven  to  .Oo«-fr«l‘ 
aL  groupe<*.  together  on  the  solar  array  at  the  location  of  floating  potential, 
rather  than  at  the  endpoint  of  the  array  (fig.  1(b)). 


RESULTS 


Case  1 - Parasitic  Currents  Distributed  uniformly  oVer  Solar  Array 

The  voltage- current  curves  of  the  array  calculated  with  the  methods  de- 
scribed In  the  preceding  section  are  shown  Itt  figure  2.  Parasitic  flux  per 
cell  1 Is  a parameter.  The  upper  set  Of  curves  in  figure  2 represents 
aeries  Siring  of  40  OOO  cells;  the  lower  set  of  curves  represents  a string  of 

c.lir^toc“..in,  th.  «ini«  of  .oUt  coll,  in  ..rle.  ?"*; 

sltlc  flux  decreases  the  fraction  of  useful  array  power  because  of  the  «Jditlve 
effect  of  the  collected  current.  An  interesting  feature  of  fl^re  2 Is  ^at 
the  right  sides  of  the  curves  are  almost  straight  lines  emanating  from  I -ijc- 
The  reason  for  this  Is  that  In  this  region,  cells  are  going  Into  short-circuit 
condition  at  a linear  rate  as  load  current  Is  Increased,  dropping  the  overall 
potential  monotonlcally. 

In  figure  2 the  parametric  curves  ate  given  as  parasitic  curr^t  per 
Relating  this  number  to  loCal  plasma  conditions  would  require  consideration  of 
a large  ^number  of  variables  such  as  the  possibility  Of  front  and 
colleltion,  local  plasma  density,  ram  and  wake  effects.  * 

and  the  Influence  of  many  factors  on  the  location  of  the  array  SjiSlne 

such  factors  have  not  been  considered  here;  Instead,  the 
the  reaction  of  the  solar  array  to  a given  parasitic  current  distribution. 

In  figure  2 the  solar- array  current  given  represents  that  for  a ®lngl® 
string  of  cells.  For  a number  of  strings  Itt  parallel  the  *-®  ?5®?®  “n- 

tlonal  to  the  nUnOser  of  parallel  strings.  For  example,  with  lOO  parallel  cells 
Sriabeled  currents  In  figure  3 are  multiplied  by  100,  but  the  array  poten- 
tials remala  the  same. 


P«et  without 

x:  rcri  g-  £^B£  " 

8t?iI^“l«nJ?hf‘^ForrflM£tog  MMy“*"a^re  ‘*«creaees  wlth^lwreasln^’' 

Oitlc  currenca  arl  lllTcL  whera  para- 

amall  for  a floacihe  arrav  <'wh^ro  t-u  drop  in  maximum  power  is 

even  In  tho  iMoophftr  ‘ * *"*>'  ‘‘  negatively  bUted) 


. ^ «*-*«j^*  •■•»  mfirKea  ott  on  tl 

to“ti::  X i:thbeXLrcu°Sf  :toa*er'r-  ““  X I 

— a_  . . . e.«oocH  igg  - »p^jj.  The  graphical 
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method  is  explained  in  moi  e detail  in  appendix  B of  this  paper. 

Case  2 - Current  Collection  from  Local  Source 
of  ohXXmXXthf  d!I»r  eellectlon  from  a looal  souroe,  the  aouroe 

exhauat  beaS  "if!  ?J  "i'fr  “>™‘er 

a bridge  that  enabled  el«trSns  t?bi^t.u“tS 

p"X?eXJ-i«xra"ir:id“JLfr‘i 

flux  to  tha  array  fall.  off\:XX"h“d“liX:,""i:bi:S 

U.5  StX"':x  4T«xxi°:id"ii  '-“I 

elal  la  1200  volta,  dlreotW  coueled  ti^thf'tt^  r*  ‘°If'  ”'®  Peeen- 

tanged  ao  that  the  xero-voUairMlot  L ^ ‘I’  “““  •«  ••- 

the  outboard  tip  of  the  arraya  ‘^One'wj..^  voltage  la  at 

In  aerlea  and  100  ceui  JX^IW  * ““  ®“ 

ahown^Ji  fXi%“”lh"Xilt"'o;St‘L'‘*"^''‘  eeetlona,  aa 

data  of  reference  / ,d  la  conaldered  to  be  era^  eegment  la  obtained  from  Che 
each  aeotlon,  the  calculation  of  the^Mtal  "“‘•in 

M«.!‘  ■“*  POtentUl  1.  obtained  by  adding  vol!ag«TtJe“o1ec- 

par.aX'X«XXiX«ify’'25"Xi^i"t^"“^ 

the  deereeae  In  maximum-power  polnt^la'^about  “““1,  and 

Becauae  moat  of  the  paraaltlc  Sent  “ “Sn-^n  6- 

configuration,  the  uSt  ™ .^iSSy  la  SXd  iT  '™"T  *“ 
dlatrlbutlon.  however,  la  aenaltlve'S  ihe^lSXaenXroSXSX 
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ton  flow.  At  the  present  tinier  the  details  of  such  flow  for  a cluster  of  elec- 
tric thrusters  have  not  been  fully  Investigated. 

A graphical  me?:hod  can  again  be  used.  Within  each  solat-array  seginent, 
the  parasitic  flux  Is  considered  to  be  constant.  The  voltage- current  curve  of 
each  segment  is  obtained  graphically  in  the  saAe  ffianrtet  as  In  case  1.  The  re- 
sultant graph  Is  made  up  of  a series  of  straight-line  segments  that  can  be  re- 
placed with  a smooth  curve  that  approximates  the  true  voltage- current  curve. 


Case  3 - Parasitic  Current  as  Function  of  Potential 


For  the  two  previous  cases  the  collected  current  was  considered  to  be  one- 
dlmenslonal,  consisting  of  the  and>lent  particle  flux  falling  on  the  solar  arr.:y. 
There  was  no  enhancement  of  current  collected  due  to  the  effect  of  the  local 
potential.  To  study  the  effect  of  voltage- enhanced  currents  on  the  solar- array 
power  output,  the  collected  currents  were  assumed  to  be  of  the  form 


Equation  (2)  represents  the  Infinite-sheath  case,  or  "orbit  limited"  current 
collection  for  a spherical  probe.  Equation  (2)  Is  dpprcxlmately  correct  for  a 
plain-disk  probe.  It  Is  not  strictly  correct  for  large  surfaces  because  of  the 
intersection  of  particle  trajectories  With  the  artay;  however,  trajectory  cal- 
culations agree  with  exact  calculations  within  a factor  of  2. 

The  resultant  voltage- current  curves  are  shown  In  figure  7.  Equation  (2) 
is  used  to  represent  parasitic  current  for  an  array  of  4006  cells  In  series 
with  flux  density  as  a parameter.  In  figure  7 the  right  slopes  of  the  curves 
are  no  longer  straight  lines  because  of  the  nonlinear  parasitic  current  collec- 
tion. For  8 given  parasitic  flux  the  loss  In  power  Is  much  greater  than  for 
the  thin-sheath  case.  This  Is  due  to  the  multiplying  factor  of  solar-cell  po- 
tential in  this  case.  Since  parasitic  current  for  this  example  Is  proportional 
to  voltage,  the  calculated  power  used  in  collecting  current  Is  proportional  to 
voltage  squared. 

The  next  logical  exaiq>le  tO  consider  would  be  the  thlck-sheOth  case, 
where  the  effect  of  space  charge  has  been  taken  into  account.  SuCh  a computa- 
tion has  not  been  attempted  because  of  the  lack  of  an  easily  manipulated  model 
of  current  collection  at  individual  cell  locations.  Approximate  space-charge- 
limited  current  models  have  been  attempted  (refs.  1,  6,  and  8)  by  using  geo- 
metrical figures  such  aS  flat  plates,  spheres,  and  cylinders.  But  for  our  cal- 
culations it  is  necessary  to  determine  exactly  where  the  current  Is  collected. 
Another  complicating  factor  of  the  finite- sheath  case  is  that  the  collection  of 
current  does  not  increase  linearly  with  solar-array  area,  and  therefore  the  re- 
sults would  not  be  in  the  form  of-  a generalised  voltage- current  curve. 

Approximate  graphical  methods  apply  to  voltage- enhanced  currents- also. 
Again  the  solar  array  is  divided  into  segments,  each  with  an  average  voltage. 

If  the  current  collection  Is  known  as  a function  of  voltage,  each  section  can 
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curve  again  is  obtained  by 


be  drown  In  the  aame  manner  as  in  case  2. 
connecting  ths  line  segnieiits. 


Tlic  total 


DISOISSION  OF  teSULtS 


»l.t  problem.  X “ ““ 

a T"‘tr*  “ “"™-v::n::bu 

fchin-aheath  case  la  equal  to  tL  c^M^h^tcJL  !i!“  f 

resent  power).  Under  parasitic  lc<id  (areas  under  the  curve  rep- 

e|  j j * tic  lOdu  ttlC  new  IDdXilQUllI  POWeir  Is  St  noint* 

OAxiuiuni  poweir  o£  the  sttam  4e  ««4-  a point  Bg  the 

the  power  at  A -minus  the  nLf^fJ  ? i"*"  therefore 

The  reason  for  this  disclepS^rcJn  hf*  calculated  value, 

the  degradation  in  the  Sfof  Z ^ figure  4.  Because  of 

which  Is  renreean«*a<4  k o.u^  ® voltage-cufrent  curve,  maximum  power  - 

*”■  «“ “»««' 

power  if  the  array  must  be  operated  at  a^volts®?*'^^  * further  reduction  in 

Imum  power  point.  i!hus  the  «true"  power- loia  dOtOraiHOOlOO  Sf 

inents  for  the  overall  system.  ^ oetermination  depends  on  require- 

power  lose,"  the  ceUuir^  p^  W®: 

ec^ptebU.  there  le  little  reeeon  for  going  thiLgr^;  fJu^^ri^cileT 
the  .^S*ttr"?e”  :«r™?rS”Led*'ar{rn'*“'  “ 

eltlc  current.  If  thS"SI  J,  a!  ‘’‘“c'*'  P“«‘ 

rent,  none  degradetlon  muet  be  present.  The  reason"for'chla"i°'rh'i'»'*^'i”’'^ 
rent,  the  sum  o<=  load  current^  anH  reason  for  this  Is  that  total  cur- 

the  last  cell  in  the  string  of  celu  OhoSO’^iO  fJ*"  pass  through 

exceeds  the  short-circuit  current  of  that  current 

tutei  .tteAotennrei‘L^t- -i^-rthfs--^^^^^^  ::ji'”tr:‘n:isi  ‘5'  „ 
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solor  cells  ’*011"  at  some  average  voltage  v« 
voltage.  The  array  total  voltage  is  ^ 


and  n cells  "off  at  zero 


This  method  is  used  When 


V = 


mv 


av 


N 


E ‘pc. 


5 ^ ^sc 


The  following  simple  examples  illustrate  the  use  of  this  idea: 

up%efo«'tta”lMt'MU*l’  ”TJ  * "*1'-*™P'PC»  the  natgUi  chat  caTbe'used 
voltage  would  then  be  3000  v . ™ ^ ^ ^ 

the  lllli  p1:„uJc  «":«  L 0 rin?r"“’  ^ "ill‘a.p'“as, 

celU.  ihLafore  ther."S\uc?;*.?S«‘TIrJ.rp‘o^Sl:.!° 

cj.e  oT  cjr.“s.‘cte”:Jct::„“o?  snss  XlsT.s 

re^ulJes'thriddjS'oJ’-l'nr*™'  “f“"®  ^''“"te  calculatlod 

3i:.=:.^iT3£:“i=ss~ 

ST:  a“la“%2.Ti?'  **“"■“  =««t1s  “iSHr  S^ld^. 

ing  Of  a solar  array  by  a spacecraft  protrusion  such  as  an  extended  boom. 


CONCUmiMG  REMARKS 
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« pr«™.  t,  t. 

»“>‘»8«-«wteM  cuf»«  u to 

calculatcid  j^gg  1 aV  in  ko  it  o*^ray  ntore  accurately,  ihe 

“X  «««  V a *a.t4i‘S|  f..l  r ‘“» 

*lwn  tho  ottay  short-circuit  currant^  P^us  total  parasitic  currant  is  sreater 
«»>--»latlon  is  indlcned.’  ” wlU  hotlcaabirdSoIio 

Se*  :5r"^«“ “T  «“  ^ -rndln. 


^ere 


«Us  on  the  atr^»*”*be’'i?'.  *f ^**  ®'““8h  psrasitlc  currents  s arou.  f 
ckansi..  conUiJiois" 


APPENDIX  A 


METHOD  OF  COMPUTER  CALCULATION 


£laurr*8  solar  cells  In  serloe  with  poraeltlc  currents  is  shown  In 

figure  8,  where  all  currents  are  taken  to  be  electron  currents  Tn  thi«^e 
«e.  V U tke  load  voUog.  «.d  i la  tho  load  cut?o«  uJ  i , Ja 
paraaltlc  fl„«  falltog  o.  0,0  5«.  ,ou,  .oil.  Ih^™  ™^o  „■ 

la*'  ‘ ««  thoa.  cur! 


N 


^tot 


s 

C»1 


■■pc,  5 


(AIJ 


and  Is 


N 


s 

5-1 


(A2) 


where 


« Ki  InCigg  - + Iq)  + K2  In 


«d  “"ivii  bj*  ‘"to  0.0  5 


th 


(A3 

solar  cel 


I + 


5-1 

A=1 


pc,  A 


(A4) 


characteristic  Is  obtained  by  solving  these 

tion  of  the  totarvStage-wrtent**Mlrve*^  'me^firSt’e^^*^^  group  yielding  a por 
ply  to  the  case  where  sLe  SSSS  of  leils^n  f ap- 

tlon.  in  this  ease  I = i °J  are  in  satura- 

««?‘Tss“ca‘s^“r.‘s  “■* 

the*"jLilurDhv  1 ^ srouplSl^f  calcuLtionrSlLro^^^ 

culations  to  the'toL?  UagL^ci«enr cuJlle 


GP^HICAL  construction  of  VOITAGE^CURREWT  curve  with  FARA8ITIC8 

•Ao  voi«go ».  show  i«  ««»•  »• 

•»®  '0  ‘•>0  voltage  at  maxtaSlrSoJJr  }f  i“  «“• 

Jill  I ; r<  ill  ? 

p...  s«  pU  siijrs.'rs  “ '•“j"*-  *“'■ 

Constant,  if  m cells  sva  i„  ....  P**^  that  la,  suppose  that  I--  « 

of  this  paraaltlcp  V » (N  - M)v*  '*Slnee'*  V • 0)  from  the  effect 

the  curve  corresponding  to  the  ease  of  cells  in  ****  portion  of 

function  of  M.  For  the  case  of  no  !fif!  J satiation.  V Is  a linear 
curve  Is  given  by  V - Nv*.  The  cha?wi!rJ?tir?I*i^*“*  temalnder  of  the 
Intercept  Is  at  short-circuit  current  1®^*  ^ ®“"ent 

SMphlcal  method  of  constructina  i>ha  *...1.  .. 
of-  N cells  In  series  with  i-.  » Const6nt*^%]Tn^!*®*u®“I'®"f  chcif’icterlrtic 
voltage-cutreot  cutv.  without  ?«.aluL  ?.  tT  .* 

curve  la  a rectangle  with  curr«t  iMiSe« 

intercept  l^^  and  voltage  intc?«fi<;v.  nv*. 

A threshold  current  1^^,  is  Introduced  such  v\w  i • < t 4 

N cells  are  active  andp  If  i < i < i {.u.  %.  ^ ^ ^ ^co» 

1.  lo  eeturatlo.  heceua.  of  th^preaeno^SJ  1 ^ 

w/:a^“[l:;;aTL^4:lrt.i^^^^^^  - 1. 

(N  - M)  = l/lnc(l«r  - n But  «ha«  T 4 . ^ ^ “ isc-  Then 

voltage  V iri’wby  "e.  < I S lac  the 

B « oy  V » (N  - M)V*.  Thus,  In  this  Interval 

^ - 1C  C^sc  - I)v* 
p® 

that  Is,  V varies  linearly  with  i. 

ore  10.  It  la  useful  to  find  ^J?rwt  *" 

tlon  being  discussed,  the  aolutlon  for  1 *'“0  oiltr^ii!!!  ®*J?“  *«’"«*»- 

M - M = l/lpedsc  - I)  la  used  at  the  Inatlit  I “ ! ^e  a.  f 
M » 0 and  1 =3  + « kt<  *ru  a scant  1 At  thia  Inatantp 

current  our»e?“the  "rve  wE*  p^a’ltje”?  * T'**^”*"  •»l">*«ey  volte*.- 
drawing  a straight  line  V - Nv*  In  nracrl  *““^■"1  oonetrueted  by 

If  the  etrelght  line  *aj  1^1  (fir 

original  voltage-current  curve,  es’Sh^  in  figij,  “ ‘»t«cept  the 
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Figure  6.  • Voltage*current  curve  for  solar  array  • 
thruster  Integration. 
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Figure  7.  - Voltage-current  curve  tor  voltage- 
dependent  current  collection  - 4000  cells  in 
series. 


Figure  8.  ■ Contribution  of  each  group  of  calcu- 
lations to  total  <«ltaqe-current  characteristic. 
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MAGNETIC  SHIELDING  OF  LARGE  HIGH-ROWER-SATELLITE 

SOLAR  ARRAYS  USING  INTERNAL  CURRENTS 
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Lee  W.  Parker,  Inc. 
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NASA  Marshall  Space  Flight  Center 


SUMMARY 


Present  concepts  for  solar  power  satellites  involve  dimensions  up  to  tens 
of  kilometers  and  operating  internal  currents  up  to  hundreds  of  kiloamperes. 

The  question  addressed  here  is  whether  ..he  local  magnetic  fields  generated  by 
these  strong  currents  during  normal  operation  (effectively  providing  the  array 
with  its  own  "magnetosphere")  can  shield  the  array  against  impacts  by  plasma 
ions  and  electrons  (and  from  thruster  plasmas)  which  can  cause  possible  losses 
such  as  power  leakage  and  surface  erosion.  An  affirmative  answer  is  indicated 
by  approximate  solution  of  the  inherently  3-D  problem. 

In  the  present  work  one  of  several  prototype  concepts  has  been  modeled  by 
a long  narrow  rectangular  panel  2 km  wide  and  20  km  long.  The  currents  flow 
in  parallel  across  the  narrow  dimension  (sheet  current)  and  along  the  edges 
(wire  currents).  The  wire  currents  accumulate  from  zero  to  100  kiloamp  and  are 
the  dominant  sources.  The  magnetic  field  is  approximated  analytically  as  due 
to  separate  sheet  and  locally  constant  wire  currents.  The  equations  of  motion 
for  charged  particles  in  this  magnetic  field  are  analyzed  using  conservation  of 
canonical  momentum  to  find  dynamical  limits  of  the  motion,  that  is,  regions 
inaccessible  to  the  particles.  The  ion  and  electron  fluxes  at  points  on  the 
surface  are  represented  analytically  for  monoenergetic  distributions  and  are 
evaluated  by  Parker's  quadrature  technique  for  Maxwellian  particle  velocity 
distributions.  Sample  numerical  results  for  electrons  and  protons  correlate 
well  with  the  ratios  of  (a)  the  particle  gyroradius  to  the  array  width  and 
(b)  the  particle  momentum  to  the  critical  momentum  e»il,  where  e is  the  particle 
charge,  p is  the  magnetic  permeability,  and  I is  the  wire  current.  The  field 
will  prevent  kilovolt  protons  and  mev  electrons  from  reaching  significant  frac- 
tions of  the  surface. 

The  analysis  is  applicable  to  both  low  earth  orbit  and  geosynchronous 
orbit,  when  appropriate  particle  masses  and  temperatures  are  substituted.  It 
supests  that  the  current  distribution  may  be  designed  so  as  to  optimize  the 
shielding  and  that  the  solar  cell  lifetime  in  orbit  may  be  prolonged  by  a pos- 
sible factor  of  5. 
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INTRODUCTION 


a purposes  of  the  present  analysis  of  magnetic  shleidinq  we  assume 

a niod6l  suQQGStad  by  a Rockwell  International  study  (ref  1 and  flo*  n-  -ic 
represented  In  the  simplified  manner  shown  In  fffie  H He4  we  hL  a fliJ 
panel,  lying  In  the  x-y  plane,  made  up  of  strips  of  phitovMall  cells  Each 
Strip  IS  of  length  2X  and  consists  of  photovoltaic  cells  connected  In  series 
along  the  x-directlon.  The  strips  of  cells  are  stacked  in  thu  v a 

t^nf  connected  in  pafallel“{  the’”  In*5f1o’2nd‘l:burj]ririrpo  ? 

tions  X ■■  and  X - -x.  The  array  extends  from  y=0  to  y=L.  Electric  fields 
are  neglected,  which  should  be  valid  for  thin  sheaths.  ^ ^ 

This  arrangement  yields  a current-flow  distribution  as  follows  The 

direction"  and  the  Si^reJJs  accu- 

rents  af^SrcM  S?  ISgnItIc  fleldT’’  'l-  *«>  '‘'"‘'s  of  cur- 

(1)  a surface  current  density  (a  "sheet  current")  Ip  the  plane  of  the 

feJnlh  -^2  direction,  with  the  JurrSnt  p^unit 

length  (K)  independent  of  x and  y,  and  pit 

a wire  current"  (I)  due  to  flow  in  the  bus  wires,  directed  in  the 

in5^5ins^at^w®i^^’°?u*  accumulates  from  zero  amps  at  y=0  to 
10  amps  at  y-L.  The  variation  can  be  assumed  to  be  linear  in  y 
although  this  assumption  Is  not  essential. 

to  PstflhiiJh  of  calculating  magnetic  fields,  these  assumptions  allow  us 

JE  In  current  sources  as  K=5  amp/meter  and  I=Io-ly/L)  amr  where  L 

thp^pnli?  nf  2 and  Iq  Is  lo5  amp.  We  assume  further  that,  except  near 

the  ends  of  the  array,  ^he  magnetic  field  in  the  vicinity  of  the  arrav  is  the 

finite°w1dt°"2r  lI!ina°irthe*y°"^S  ® current  strip-shLt.  of 

infinitSiw  innrt  (between  -X  and  +X  in  figure  2b), 

ThI  ?2  y-d1rect1on,  consisting  of  a constant  current/ lenqth  K 

I-!v  '‘“®  to  two  Infinitely  long  paraHel  w??Ir  at 

x-±X,  carrying  constant  current  I.  Thus,  end  effects  are  neglected  which *mav 

Sf  cuJrS^Sith^?^^*  ® ® variatioJI 


(2) 


MAGNETIC  FIELD 


ac  to  approximate  the  magnetic  field  at  any  point 

K^t1^^^f1eld"^SidF^''^"^^  ^''thrj!d1?ecilon*!'®  ?h‘3l75h^^ 

of  the  field,  while  ?he  SlrrcuJJenL^^fffeSroSlVthr^  JSSpo^enr"®"^ 
“ri’g^  “m’lrfSllwsl'’  **"  «el<l  systems,  expressed 


[(x+x)*^  + 2^  (x-X)^  + z^j 


(x-x)‘ 


(x+X)‘ 


By  = 2pK  jarc  tan  - arc  tan 


produced  by  the  wire  currents  and  Bw  Is  produced  bv  the 

frn^'5strne3'"irflalI»'e%‘''®N!I?2"5r‘  Th<s  field  d1strtbuM?ti 

rLt  JnMhfJe  ..I”*-  h ‘^9^®  magnetic  field  due  to  the  wire  cur- 

to  the  sheet^current^fnMMfJ  i”  the  y-di  recti  on,  while  the  magnetic  field  due 
«<rtne  mfw  K inhibits  particle  motion  in  the  x-z  plane.  These  exores- 

sions  may  be  used  to  estimate  magnetic  intensities.  The  magnetic  field  inten 


B = 

Bz  - -y-  . 


l-(x/X)‘^ 

for  I = loo  kiloamp  and  X = 1 km 


= - 0.4  gauss  • 


■ l-(x/X)' 


The  magnetic  field  intensity  on  the  surface  of  the  panel  due  to  the  sheet  cur 
rent  is  given  by  equation  (3)  evaluated  at  z=0,  namely, 

By  = - 2iryK  = - 0.0314  gauss 
for  K = 10^  amp/20  km  = 5 amp/meter 

fiS’d  iSIlf  «"  oi^er  of  magnitude  stronger  than  the 

fie.d  due  to  the  sheet  current,  over  most  of  the  length  of  the  ?ane1. 

CONSERVATION  OF  CANONICAL  MOMENTUM. 

DYNAMICAL  LIMITS  OF  THE  MOTION 

negleclJ:?  e?e??X"%iJj;l^“''t|‘:?,rte"J'’“'“'°"' 

m 2 ax  (6) 

i'  . + 2«!i!i  vd  1 9 xa 

m ♦*-7  5zl'  (7) 

i (♦  - ♦„)  f ,,1 


where 


s arc  tan 


(¥]  - *'•'=  (¥] 


♦ 5 In 


(x-X)^  + 2^ 


(x+X)^  + 


(3) 

(10) 


® conditions.  The  quantities  m and  e 

charge,  respectively.  We  have  an  Integral  of  the 
motion  in  y.  and  y^/c  represents  an  effective  potential  function  of  x and  2. 

eSe?gy®il'^hav^  represents  an  effective  electric  field.  From  conservation  of 


+ y2  + 2^  » * 


constant 


so  that 


x^  + = v^  - y^  = - |y^  + 


eyi 

m 


U 


♦0^ 


> 0 


(11) 


(12) 


Tne  region  In  x-z  space  where  equation  (12)  Is  satisfied  represents  a reoion  of 
allowed  motion;  the  rest  of  x-z  space  is  dynamically  forbidden  A 

Anrl^9^  ‘*^2  9®®»"^9netic  field  by  Parker  and  Murphy  in  refer- 

ence 2.  Clearly,  ^ js  constant  on  a circle  whose  center  Is  on  the  x-axIs. 

or  ion"2?th"f5:5!!K°^  equations  (10)  and  (12)  It  can  be  shown  that  an  electron 

?!:c!Sen«‘5u?h'S 


- 1 < y/(x^  + y2  + t^) 


1/2 


< 1 - P/Q 


where 


P s In 


(x+X) 


21 


l(x-X)2j 


(13) 


(14) 


(X  Is  the  position  of  the  wire) 


and 


Q X (=  for  protons;  = 33.7  ^|l^/l+E(mev)  (15) 

' for  electrons) 

LeJL‘'s;f- 
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k^%*- 


}• 


i 

'*  i ! 

i 


Note  that 
(a) 


(b) 


where 


rti:r»]d!iiL“ij  theii™iriSd 

particles  coming  from  Infinity  with  energy  E cannot  hit  beyond 
^max 


1 


"max 

IT 


= tanh  (^) 


(16) 

2.)  Thus,  nf^artlclerwlth  fin1te’eneJ5y*can‘’h1t  thrilre.*'^’ 

100  knoaS!"“(lj  I-S  * I 

Electrons  with  this  momentum  (Q=l  )\rr%latlJistir®w??h^^^  a^'ray.) 
geosynchronous  orbit  we  mav  assume  that  energy  E=2.5  mev.  In 

t e magnetic  scale  of  moL^XtuT^tJel  e er 7we?I^=T8\"l;  5^^ 

orbit,  assuming  oxygen  ions  the  mk*»<ocn«n^4„«  !!  ® ^ ^.o  Kev.  In  low-earth 

a simple  criterion  based  on*the  magnitude  ni”n  implies 

cannot  penetrate.  Assuming  that  the  ^ small,  the  particles 

orbit  may  at  times  be  1 ev^C'cold"  oarticlel?  in  geosynchronous 

("hot-  particles),  we  infer  that  eler^^nnl  ni  10  kev 

of  Q are  3.37  X 10“4  and  3 37  x^0-2  temperatures,  whose  values 

most  of  the  array  surface  ‘sirni lari v the  excluded  from 

also  excluded.  The  10-kev  orSf  hAwf^f  cold  protons,  with  Q=0.0144,  are 

surface.  In  low-earth  orbit  where  throartiM^^t^"^  penetrate  to  the 

of  0.1  ev,  both  ions  and  electrons  a^e  eK^f!  ! temperatures  are  of  the  order 
obtained  assuming  1=100  kiloamp  i e P®  above  Q-values  are 

current  end  of  the  arrav  Tt  ?hJ.iS‘k«^  * are  appropriate  for  the  high- 
radius  Rg,  evaluated  at  the  mid  line  nf  tho®^  that  Q is  related  to  the  gyro- 
from  equation  (4);  namely,  the  S/r^numbef  Rg/ru'eSSI?  ”5'>*tude  of 

FLUXES 

compute  particl?flules^at*^the^sur^^  For^a^mll^  03)-(i5)  h.ay  be  used  to 
velocity  distribution,  the  number  of^oa»*fi?L!  jjjoanergetic  isotropic  particle 
in  unit  time,  at  a the^surface 

*^mono^^^  “ "t/w  0 
where  A = 1 - p/Q, 


1cos’‘a  + i/i|T7' 


} 


(17) 
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Infinity,  E and  m ate  the  particle  energy 
?n  h ^ ^ given  by  equations  (14)  arid  (15).  Thus  the  factor^ 

becomes  small.  It  vanishes  If  P/Q  ex'^eeds  2 
(see  equation  (16)).  If  Q is  small,  P must  also  remain  small  which 

confined  to  tho  vicinity  of  the  center*-! Ine  (x-0)  Al&o 
the  flux  distribution  Is  symmetric  about  the  center-line.  ^ ’ 

3 Maxwelllan  velocity  distribution  may  be  computed  by 
integrating  equation  (17)  over  the  energy  distribution.  This  must  be  done 

siSnfess  Parker’s  quadrature  method  (ref.  3)!  dlmen- 

M?aturls^T-lo^kerind^?^?  were  computeo.  for  electrons  and  protons,  for  tem- 
mfe  and  T=1  ev,  typical  values  In  geosynchronous  orbit.  The  pro- 

r ^ shown  In  tables  1-3,  for  y-values  alona  the  oanel 

1"  2 km.  The  current  I irLsuSlSd  S b^S^J. 

steSl  Sf  I^u  range  from  zero  to  1 km  lS 

wirr(?t  x-n^SartlHp^A?"if  "^'"ax",  shows  how  close  to  the 

(16))  particles  of  energy  equal  to  the  temperature  can  get  (equation 

ai.4-  Pr°^0'^  profiles.  The  profiles  are  fairly  well  soread 

out  over  the  surface,  but  with  a sharp  dropoff  to  zero  at  x=l  km  as  exoect^d 

dec?eXer®^The^dat^orthP  wire  current 

aecreases.  me  data  of  the  table  indicates  that  the  proton  dvroraHinc  n at 

(4)?  ir2^3^kr°'^  (midway  between  the  currents  at  y=20  km  - see  equation 

ie  ® comparable  with  the  width  of  the  array.  E«cale=4  8 kev 

energy,  and  the  thermal  energy  10  key  Is  larger^than  this 

of  shielding  of  10-keI  iJnraSd  thi* 

th^Lis  fx-nl®  anH  a?A  ^2J®  density  is  unity  (ambient  value)  along 

fi^d  JL  sil)  ■ Recall?™  ^?r  and  magnetic 

evidenrShat  thP  results  represent  dynamical  limits,  it  is 

shoul factual lJ  hp  I?rt«4r°^  Panel) 

X z nlanp^hv  Jhp^L^  S ^ ^°wer  due  to  the  ’’nhibition  of  motion  in  the 

x-z  plane  by  the  sheet-current  magnetic  field. 

aap  JAll  L^5a^  )‘®''  Pr-ofiles.  Here,  there  is  essentially  no  cover- 

?hte1dlSS  l!  le??  effSJe''®'Th?®''? See  the  %ax  colunn).  Hence  the 
of  1 ev  belnn  m2h  iI??‘J^!;  '“"distent  with  the  thermal  energy 

gauss  be?nj  1"  lei? IhM  ? "9=“  m at  0.4 

Table  3 shows  10-kev  electron  profiles.  Here,  the  oenetration  cHnhfiu 

tivelTsh1?ldld“'*clicInatlo™'  E*"®’  ™ay  be  considered  eff«?  ^ 

tiveiy  Sni6lQGu»  Cdlculdtlohs  WGT©  diso  donG  foi**  1 »PV  e1<^^fr*nnc  Knf 

nPflliflmiS^'^r  ^ expected,  the  penetration  is  completely 

negligible,  much  less  than  In  table  3.  For  the  10-kev  and  1-ev  electrons  R 
has  the  values  53  meters  and  53  cm,  respectively.  * 9 

These  numerical -integration  results  are  consistent  with  pxoprta'Hnnc  kaeoa 
on  the  simple  criterion  of  Q compared  with  Sn???!  wh1?e  ?1?  ???*?, „aJ  ??  ??! 
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POSSIBLE  INCREASE  OF  SOLAR  CELL  LIFETIME 


It  Is  fstlmatSid  that  80  percent  of  the  radiation  damage  to  solar  cells 
would  be  due  to  the  trapped  Van  Allen  belt  electrons  with  energies  up  to  5 mev 
(E.  6.  Stassinopoulos,  private  communication,  1978),  against  which  magnetic 
shielding  Is  possible.  (The  remaining  20  percent  Is  due  mostly  to  cosmic  rays 
which  are  not  presently  shleldable.)  From  the  simple  criterion  of  this  paper 
that  Q be  less  than  unity,  we  see  from  equation  (15)  that  electrons  up  to  sev- 
eral mev  In  energy  are  prevented  from  reaching  a large  fraction  of  the  array 
surface  In  the  vicinity  of  the  100-klloamp  currents.  In  particular,  from  equa- 
tions (15)  and  (16),  with  E«5  mev  and  I(y)  represented  by  SOOOy  amp,  with  y In 
km,  the  area  shielded  against  up-to-5-mev  electrons  lies  between  x(km)°tanh 
[0.923x20/y(km)]  and  x(kni)=1.0.  At  y=20  km,  this  range  of  positions  Is  from 
730  m to  1000  m.  Hence  the  range  of  protected  positions  Is  270  m,  within  which 
the  solar  cell  lifetime  would  be  prolonged  by  a possible  factor  of  5. 

We  would  like  to  thank  James  6.  Laframbolse  for  his  helpful  coiranents. 
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DYNAMICAL  LIMITS 

MAGNETICALLY  SHIELDED  FLUX  PROFILES 
10  kev  IONS 
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us  based  on  B = 0.4  gauss  midway  between  w1 
Note:  Rg  is  larger  than  array  width  of  2 


re  currents  at 
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Very  close  to  but  less  than  unity. 


Table  2 
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Table  3. 


DYNAMICAL  LIMITS 

MAGNETICALLY  SHIELDED  FLUX  PROFILES 
10  kev  ELECTRONS 
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ENVIRONMEKTAL  INTERACTION  IMPLICATIONS  FOR  LARGE  SPACE  SYSTEMS 

E.  Miller,  W.  Flschbeln,  M.  Stauber,  P.  Suh 
Grvonniaji  Aerospace  Corporation 

ABSTRACT 

Large  Space  Systems  (LSS)  comprise  a new  nlass  of  spacecraft,  the  design 
and  performance  of  which  may  be  seri jusly  affected  by  a variety  of  environ- 
mental interactions. 

In  addition  to  dimension?  which  are  orders  of  a magnitude  larger  than 
those  of  conventional  spacecraft,  most  LSS  are  characterized  by  low  density 
structvires,  extensive  dielectric  siirfaces  and  composite  structural  elements. 

Many  LSS ‘also  require  multikilowatt  or  megawatt  power  systems,  which  might  op- 
erate at  multikilovolt  levels.  Perhaps  most  significant  is  that  most  of  these 
advanced  systems  must  operate  efficiently  for  10  to  30  years  with  little  or  no 
maintenance . 

This  paper  addresses  the  special  concerns  associated  with  spacecraft 
charging  and  plasma  interactions  from  the  LSS  designer's  viewpoint.  S\irvivabil- 
ity  of  these  systems  ixnder  combined  solar  U.V. , particle  radiation  and  repeated 
electrical  discharges  is  of  primary  importance.  Additional  questions  regard 
the  character  of  electrical  discharges  over  very  large  areas,  the  effects  of 
high  cvir rent /voltage  systems  and  magnitude  of  induced  structural  disturbances. 

Incorporation  of  large  scale  charge  controls  and  complicated  electrical 
and  structural  interactions  could  impose  difficult  design  requirements  and  have 
a major  impact  on  LSS  costs.  Worst-case  estimates  are  made,  and  possible  de- 
sign/performance impacts  assessed  for  LSS  environmental  interactions  of  major 
concern. 

A concept  is  described  for  a large  scale  experiment  platform  which  uti- 
lizes space  structure  demonstration  articles  presently  under  study  by  the  Air 
Force  and  NASA.  These  platfoms  could  provide  several  thousand  square  meters 
of  test  area,  with  maximtim  dimensions  up  to  one  kilometer. 

Accelerated  charge/discharge,  induced  avalanche  and  plasma  power  loss 
experiments  might  be  configured  for  low  earth  orbit,  and  the  free-flyer  test 
platform  retrieved  after  several  months  for  analysis  of  combined  environmental 
effects.  Additional  instrumentation  could  be  installed,  the  platform  boosted 
to  geosynchronous  orbit  to  measure  large  scale  plasma  characteristics  and  space- 
craft interactions,  and  test  samples  retrieved  with  a manned  orbit  transfer 
vehicle  after  long-term  exposure. 


INTRODUCTION 

The  Space  Shuttle  will  open  a new  era  of  space  transportation  in  the  early 
1900's.  A multitude  of  long  duration,  complex,  multifunction  missions  will  be 
possible  with  the  unique  capabilities  of  the  Space  Transportation  System  (STS). 
Many  of  the  advanced  missions  considered  for  the  n^xt  two  decades  will  require 
a new  generation  of  spacecraft,  called  Large  Space  Systems  (LSS). 
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DESCRIPTION  OF-TYPICAL  LARGE  SPACE  SYSTEIC 

atmiofLSeler'  (SM)*Si  Sl'^SJ^sSSutf  (ISrD^«: 


The  general  arrangement  of  a typical  SBR  is  shovm  in  Figure  2 This  «vo 

«So:  - 


The  antenna  is  attached  to  and  supported  by  a drum  that  is  the  basic  struc- 
t^e  at  the  lower  end.  This  druin  also  provides  mounting  surfaces  for  commu- 
nications antennas,  the  lover  systems  package  (LSP),  the  lower  attitude  control 
thrusters  and  the  mast  canister.  Attached  to  the  upper  end  of  a deployable 
mst  is  the  upper  systems  package  (USP)  which  provides  mounting  surfaces  for 
the  antenna  feed,  upper  thrusters  and  solar  or  nuclear  power  source. 


The  phased-array  antenna  is  supported  by  a graphite/epoxy  compression  rim 
assembly  which,  in  turn,  is  supported  by  spring -tensioned  fore  and  aft  stays 
(graph*te/e^xy  strips).  The  phased-array  antenna  is  made  of  gore  panel  assera- 
blies  that  lie  in  the  plane  of  the  rim  and  are  spring-tensioned  between  the  rim 
^d  drum.  The  compression  rim  assembly  is  a polygon  composed  of  thinwall  tubes; 
the  number  and  length  depends  on  the  deployed  diameter. 


The  triangular  antenna  array  gore  assemblies,  shown  in  Figure  3,  are  made 
in  sections  and  spliced  together  by  circumferential  mini-hinged  beams  that  pro- 
vide the  required  interlayer  spacing.  For  the  space-fed  phased  array,  the 
riple  layer  panels  consist  of  ground-side  and  feed-side  antenna  planes  located 
one  quarter  wave-length  from  the  ground  plane. 


^ The  antenna  planes  consist  of  frame— mounted  subarrays  shown  in  Figure  4. 

The  frames  are  assembled  edge-to-edge  in  an  axi symmetric  array  of  rows  and 
columns  mthin  the  bounds  of  the  gore  section.  Each  frame  is  a square  structure 
mde  of  2.5  mi3  aluminum.  The  sub-arrays,  dipoles  and  feed  lines  are  made  of 
0.25  mil  copper,  on  1 mil  H-film  substrate. 


The  ground  plane  consists  of  a 2. -5  mil  pierced  aluminum  sheet.  The  re' 
suiting  mesh  sections  are  bounded  by  radial  edge  tapes  and  reinforced  with 
transverse  alianinum  battens. 


Solid  state  RF  amplifiers  and  digital  electronics  are  mounted  on  the 
ground  plane.  These  are  powered  from  upper  and  lower  antenna  planes  at  ■‘•I80 
vdc  and  -10  vdc  respectively.  The  electrical  network,  distributed  throughout 
the  antenna,  carries  about  90^  of  the  total  generated  power  to  several  hundred 
thousand  electronic  modules. 


All  ^tenna  and  groimd  plane  surfaces  may  be  covered  with  a thermal  con- 
trol costing  to  minimize  temperature  gradients  throughout  the  array,  Elec- 
tric^ly  conductive  coatings  could  be  used  on  the  ground  plane,  but  non-con- 

coatings  would  be  used  on  the  antenna  planes  to  permit  proper  operation 
Of  the  dipoles. 


The  Lp  drum  is  fabricated  of  aluminum  alloy  in  a thin  skin,  cylindrical 
configuration.  The  USP  is  also  fabricated  of  alximinum  alloy.  The  nuclear 
reactor  mast  or  solar  array  support  structure  (with  drive  motors)  mounts  to  the 
upper  frame  of  the  USP.  Up  to  100  kilowatts  of  power  is  provided  to  the  sub- 
systems and  phased  array  modules. 


Depending  on  system  size.  Jet  or  ion  tln*usters  are  used  for  attitude  con^ 
trol.  Thrusters  mounted  on  the  LSP  provide  stationkeeping,  roll  control,  and 
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part  of  the  pitch  and  yaw  control.  Additional  thrusters  are  mounted  on  the 
USP  to  complete  pitch  and  yaw  control. 

Active  or  passive  versions  of  the  deployable  wire  wheel  antenna  can  he 
used  for  many  different  missions.  Grumman  has  emphasized  the  phased  array 
approach  for  SBR»  and  detailed  lightweight  gore  designs  emd  models  have  been 
developed  for  these  systems.  Reflector  and  bootlace  lehs  antennas  have  also 
been  designed  for  radiometry  and  communications  systems. 

SPS  Demonstration  Article 

Feasibility  and  conceptual  design  studies  conducted  over  the  past  few 
years  have  shown  that  the  SPS  is  an  attractive  power  source  alternative  for 
the  twenty  first  century.  Further  technology  development  is  being  encoureiged, 
and  it  is  likely  that  some  form  of  SPS  technology  verification  spacecraft  will 
be  flown  in  the  1990' s. 

The  relative  scales  of  these  SPS  test  articles  can  be  appreciated  from 
Figure  5.  Here,  some  of  the  growth  possibilities  leading  to  the  full-scale  SPS 
are  illustrated.  Note  that  even  modestly  sized  demonstrations  systems  are  from 
ten  to  several  hundred  times  larger  than  the  largest  photovoltaic  Systran  pres- 
ently being  considered  for  the  early  1980's  a 50  kilowatt  array  for  the 

LEO  power  module. 

Severe!  photovoltaic  SPS  concepts  are  being  studied  including  planar  and 
concentrator  arrays,  silicon,  gallium  arsenide  and  other  solar  cells.  The 
structural  arrangement  of  a typical  concentrator  SPS  is  shown  In  Figure  6. 

Solar  cell  blanket  and  concentrator  support  trusses  are  of  aluminum  or  com- 
posite material,  constructed  from  smaller,  one-meter  beams  which  are  auto- 
matically fabricated  in  space.  The  slotted  waveguide  antenna  is  made  of  aliomi- 
num  or  metallized  composites  and  includes  •4;housandB  or  millions  or  DC-RF  con- 
verters. 

Cross  sections  of  advanced  solar  cell  blankets  which  might  be  used  for 
the  SPS  are  shown  in  Figure  7.  Compared  to  current  technology,  SPS  solar  cell 
blankets  will  be  much  thinner  end  lighter.  Glass  or  plastics  might  be  used  for 
substrates  or  continuous  cell  covers.  Solar  cells  are  interconnected  via 
very  thin  wraparound  contacts  and  bus  conductors,  and,  if  klystrons  ere  used 
for  RF  power  conversion,  series  cell  strings  could  operate  at  voltages  up  to 
1»7.5  kilovolts. 

Many  solar-powered  LSS  in  the  mid  to  late  1980' s will  likely  use  solar  cell 
blankets  similai  to  these  SPS  candidates  but-  will  probably  operate  at  voltages 
no  higher  than  a few  hundred  volts. 

The  reference  SPS  demonstration  article  ujed  for  Grumman  environmental 
interaction  studies  is  shown  in  Figure  8.  The  basic  planar  array  configuration 
is  similar  to  that  from  a recent  NASA/Boeing  study,  sized  to  provide  100  mega- 
watts of  rectified  power  on  the  "round.  Structxire,  antenna  and  solar  cell 
blankets  are  similar  to  those  described  above.  Electrical  distribution  and 
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is  0.6  amp  for  the  lol**  ohm-em9  e-rray  cover  and  3.1  ajnp  for  the  1013  ohm-emS 

cover.  In  either  case  this  la  an  Insignificant  fraction  of  the  4000  arop  full 
array  current. 


The  SPS  will  produce  significant  magnetic  fields  as  a result  of  the  lerae 

array  ej^ronts.  These  fields  could  act  to  shield  the  array  from  plasma  parti- 
cles, at  least  locally. 


The  effectiveness  of  this  shielding  was  estimated  for  the  100  MW  SPS 
demonstration  article  (under  neglect  of  electrostatic  forces),  with  current 
sources  and  current  busses  arranged  as  shown  in  Pig.  11.  This  arrangement 
consists  of  16  sheet  current  sources  of  dimensions  190  by  377.5  meters  and 
14  line  current  sources  corresponding  to  the  current  busses.  Each  sheet 
so^ce  carries  a current  of  250  omps,  while  bus  currents  range  from  250  to 
3000  amps.  For  this  current  distribution  the  magnetic  field  over  the  array 
was  determined.  Pig.  12  shows  the  component  of  the  magnetic  field  B , 
ying  in  the  plane  parallel  to  and  one  meter  above  the  array  siirfacef^  The 
B-field  mapping  provided  the  basis  for  estimating  the  minimum  energy  needed 
by  particles  to  reach  the  array.  For  this  estimate  the  particles  were  as- 
sumed to  be  normally  incident  on  the  array  surface,  and  the  minimum  energy,  E , 
was  detemined  from  the  minimum  normeil  momentum  necessary  for  penetration  ^ 
to  the  distance  of  a gyro  radius  from  the  array  surface.  Values  of  E foi 
electrons  are  shown  in  Fig.  12  at  various  locations  on  the  array.  Fo? 
example,  above  the  midpoint  of  the  3000  amp  bus  the  array  is  screened  from 
normally  incident  electrons  of  up  to  32  keV.  However,  away  from  the  busses. 

^d  particularly  at  the  interfaces  between  opposing  current  sheets  the  elec- 
tron cutoff  energies  for  normal  incidence  become  very  low.  This  indicates 
that  an  arrangement  of  array  currents,  such  as  shown  in  Fig.  11,  although 
favorable  for  minimizing  induced  torques,  may  promote  differential  charging 
by  electrons.  For  protons,  the  cutoff  energies  are  I/I836  of  those  for 
electrons,  hence,  the  magnetic  fields  considered  here  will  not  shield  against 
protons  above  a few  tens  of  electron  volts.  For  example,  the  maximum  proton 
cutoff  energy,  obtained  above  the  3000  amp  bus,  is  17  eV. 


Another  estimate  concerned'  the  torques  induced  from  the  coupling  of  the 
array  currents  to  the  ambient  geomagnetic  field,  taken  as  0.001  gauss.  The 

oriented  so  as  to  have  the  main  current  bus  aligned 
with  the  field;  the  torques  would  therefore  arise  from  forces  on  the  secondary 
busses  running  at  right  angles  to  the  main  bus.  A maximum  torque  of  I8  Newton- 
meters  (13  ft-lb)  about  the  array  center-line  is  estimated;  the  resultant 
increment  in  AV  requirements  for  attitude  control  is  insignificant. 


An  estimate  was  also  made  of  the  added  thrust  capability  required  for 
station  keeping  if  all  the  substorm  particles  were  incident  on  only  one  side 
of  the  array.  The  combined  pressure  from  an  electron  flux  of  6.109  e/cm2/sec 


a pyot.on  p/cm'/see  Is  found  to  be  novrfconp /ni'^ 
(1,6»10”  Ib/ft^).  This  represents  about  1/6  of  the  solar  pressure  on  the 
array. 


In  view  of  the  frequently  encountered  ooneorn  with  Ion  sputterlnR  as  a 
mechanism  for  surface  erosion  and  ccntaminant  production*  a worst  case  asses- 
ment  of  proton  sputtering  on  SiOg  vas  made.  A continuous  substorra  proton  flux 
of  1.4* 10«  p/cm«/sec  at  kT  = 15  keV  was  assiuned,  together  with  a spectrum- 
integrated  sputtering  yield  of  10-2.  This  leads  to  a mass  removal  rate  of 

1.4*10  ^ g/cm^ear(or  6.3*10“^  A/year),  which  per  se  is  insignificant;  how- 
ever, the  optical  performance  of  solar  cell  covers  may  be  degraded  in  the  pro- 
cess. The  associated  contaminant  production  rate  is  0.09  g/day  for  the  100-MW 
demonstration  article,  which  is  compared  with  a mass  release  of  1 x lo'  g/day 
from  hydrazine  thrusters  or  2 x 10^  g/day  from  cesium  thrusters  for  sta- 
tion keeping. 

Therefore,  the  development  of  a solar  blanket  in  which  radiation  damage 
CM  be  removed  by  on-site  annealing  appears  to  be  essential  for  SPS.  A de- 
sign concept  for  a heat-annealable  solar  cell  is  shown  in  Fig.  7. 


The  importance  of  radiation  damage  in  degrading  the  performance  of  solar 
arrays  is  well  recognized.  For  example,  radiation  darkening  in  solar  cell 
cover  glass  is  expected  to  produce  a transmission  loss  of  — over  a 30  year 
SPS  life-time;  here  the  darkening  tends  to  be  limited  by  concurrent  ultra—  ■ 
violet  annealing.  (Note  that  a \%  performance  loss  represents  a 2.5^  increase 
in  SPS  program  costs.)  By  comparison,  solar  cell  degradation  by  radiation  is 
much  more  severe  in  GEO.  This  degradation  is  eouivalent  to  that  produced  by 
a yearly  fluence  of  1 to  2 x 10l4  i_MeV  electrons  (including  the  contributions 
from  solar  flares).  A l6^  efficient  cell  will  degrade  20  to  30^  over  10  years 
in  GEO,  primarily  due  to  solar  flare  proton  damage. 


L'VRGE  SCALE  ENVIRONMENTAL  INTERACTION  EXPERIMENT  PLATFORM 

Air  Force  and  NASA  studies  are  now  defining  test  articles  and  flight  prO' 
grams  which  will  demonstrate  on-orbit  construction  of  large  space  structures. 
These  demonstrations  will  be  the  first  LSS-related  activities  in  space,  and 
according  to  current  plans,  will  occur  by  1984.  One  of  the  concepts  for  such 
a demonstration  article  is  shown  in  Figure  13.  This  utility  platform  is  con- 
structed while  attached  to  the  Shuttle,  utilizing  one-meter  beams  which  are 
fabricated  by  the  automatic  beam  builder  located  in  the  Shuttle  payload  bay, 

A simple  gravity-gradient  stabilized  platform  is  shown  in  the  figure  which 
supports  several  earth-pointing  experiments.  Electrical  power  and  other  sub- 
systems have  also  been  added  to  provide  long-term,  free  flyer  capability. 

The  same  platform  could  carry  a variety  of  material,  component  and  sub- 
system segments  as  depicted  in  Figure  l4.  In  this  example,  several  different 
material,  solar  cell  blanket  and  antenna  gore  samples,  in  various  sizes  and 
configurations,  are  mounted  over  almost  all  of  the  available  900  square  meter 
test  surface.  Temperature  and  illumination  sensors,  particle  and  electro- 
magnetic pulse  (EMP)  detectors  are  distributed  throughout  the  test  samples. 
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Integrators,  recorders  and  other  equipment  ere  located  in  an  experiment  sup- 
port package.  The  platform  is  powered  hy  radioisotope  thermoelectric  gen- 
erator (RTG)  to  eliminate  plasmH  distvirhances  EUid  . rientation  requirements 

associated  with  solar  cell  arrays. 

Low  Earth  Orbit  (LEO)  Tests 

The  platform  can  be  lelt  in  LEO  for  extended  periods  and  periodically  re- 
visited by  the  Shuttle.  Test  samples  and  on-board  data  can  be  retrieved,  and 
new  samples  added  if  desired. 

Since  LEO  plasma  characteristics  are  significantly  different  from  those 
in  geosynchronous  orbit  (GEO),  relatively  few  LEO  test  results  will  extrapolate 
to  GEO.,  However,  charge/discharge  effects,  passive  charge  controls  and  space 
enviroiiment  synergisms  could  be  evaluated,  and  size/configuration  relationships 
established  for  large  area  elements.  Also,  since  most  LSS  programs  include 
construction  and  operation  of  demonstration  systems  in  LEO,  these  tests  will 
provide  valuable  design/performance  data  for  these  systems. 

Other  tests  which  might  be  used  to  verify  analytical  models  and  ground 
test  results  are 

• Materials  response-plasma  dynamics 

• Transient-induced  differential  charging 

• Discharge  avalanche 

• Electric /magnetic  field-induced  forces 

0 Voltage/leakage  current  scaling 

High  Altitude  Tests 

With  the  addition  of  a propulsion  stage,  the  platform  could  be  placed  in 
elliptical  orbit  or  in  GEO  where  the  majority  of  LSS  will  eventually  operate. 

A conceptual  design  of  the  largest  test  platform  which  could  be  boosted  to  high 
altitude  from  LEO  is  shown  in  Figure  15.  This  article  is  constructed  in  a 
manner  identical  to  that  described  above,  with  its  maximum  dimensions  nearly 
100  meters.  A cluster  of  three  lUS  (Interim  Upper  Stage)  engines  are  used  to 
propel  the  6800  kilogram  spacecraft.  A total  of  U800  square  meters  of  plat- 
form area  is  available  for  test  samples.  Instrumentation  and  experiment  sup- 
port equipment  is  distributed  throughout  the  platform,  and  an  RTG  used  for 
electrical  power  as  wi+h  the  LEO  platform.  One  or  more  retractable  plasma 
probes  can  be  added  as  shown  to  measure  plasma  characteristics  at  various 
distances  from  the  spacecraft.  Motor-driven  boom  designs  are  availabxe  for 
probe  extensions  vip  to  one  kilometer. 

A test  platform  of  this  type  in  GEO  could  provide  definitive  environmental 
interaction  data  to  guide  the  design  of  future  LSS.  The  following  types  of 


testa  could  bo  performed,  in  t.dditon  to  those  listed  above,  for  n nea-iv  onm 
pee  characterization  of  physical  processes  and  coupling  meehnisma: 

Electric  field  acceleration 

Magnetic  field  deflection/foeusing 

riaama-induced  heating 

Geometrical  pejrticle  shadowing 

• riasma  sheath  formation 

• Plasma  instability  non-linear  effects 

• Spacecraft  geomagnetic  wake 

• Active  charge  controls 

• Large  scale  performance  verification 

IWO  '^c^rvls?t°Ihi\ST‘'r  be  avauable  around 

z.'zztzz  - 

Much  research  and  engineering  analysis  must  yet  be  done  to  estimate 

bbortS’!  Z.IZI 
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Table  i POtENTiALCHARBE/oisCHABdE  effects  on  lss 


fFFF.CT 

8BR  SFSOEMO 

• OliUCtRICCRAZmo/OARKEMNO 

• SOLAR  CELL  COVERS  A THERMAL  CONTRCL  SURFACES 

• OllLECTRIC  EMBRITtlEMENT 

• SOLAR  ARRAY  SUBSTRAtE  A COMPOSITE/OLASS 
STRUCTURAL  ELEMENTS 

• CONTAMINANT  DEPdSITlON 

• SOLAR  CELL  COVERS,  THERMAL  CONtROL  SURFACES 

• ACCELERATES  ELECTRICAL  OISCHARCES 

• METAL  EROSlON/VAFOmZATlON 

• SOLAR  CELL  iNTERCONR 

• ANTENNA  OIPOLES/OELAV 
LINES/ELECTRONIC 
MODULE  CONTACTS 

lECTS  A THERMAL  BLANKETS 

• METAL/COMPOSITE 
WAVEGUIDES 

• INEUIATION  OORNtHRCUGH 

* DC  POWER  OISTRIBUTiOr 

• RF  CONVERTER  FEEDS 

• EMI/VOLTAOt  TRANSIENTS 

• SUBSYSTEM  WIRINO/ELECTRONICS 

• ANTENNA  POWER  DISTRI-  POWER  DISTRIBUTION 
BUTION  A ELECTRONICS  | NETWORK 

• ELECTROSTATIC  FORCES- 
. STRUCTURAL  OISTCRTIONS 

• PRIMARY/SECONOARY  STRUCTURE 

• ANTENNA/GROUND  I 

PLANES  1 

table  2 POTENTIAL  PLASMA  INTERACTIONS  WITH  LSS 


INTERACTION 

SBR 

SPS  DEMO 

• PLASMA  PARTICLE  ACCELER- 
ATION BY  charged  SURFACES 

• INCREASED  RAOIATI 

• ORSIT/ATTITUDE  Dl! 

ON  DAMAGE 
STURBANCE  FORCES 

* PLASMA/LSS  COUPLING  CURRENTS 

• EXAGGERATED  ECLIPSE/LOAD  TRANSIENTS 

• DISTORTING  FORCES/TORQUES 

t 

• MAGNETIC  FIELD  FOCUSING/ 

deflection 

• INCREASED  OlFFERE 
• ANTENNA  POWER  OlSTRIB. 

— 

NTI AL  CHARGING 

• POWER  OISTRIB.  NETWORK 

• ELECTRIC  FIELD  ACCELERATION 

• AVALANCHE  BREAKDOWN 

• PLAatA  leakage  CURRENTS 

• HIGH  VOLTAGE  POWER 
LOSS 

• ELECTRIC/MAGNETIC  FIELDS - 
ELECTRON  BEAMS 

• HF  CONVERTER  BEAV. 
OEFoCUSINO 

• MULTIPACTOROI8CHAROE 

• WAVEGUIDE  BHEAKOOWN 

• ION  thruster  EXCHANGE 
CURRENTS 

•-  INCREASED  OlFFERE 

NTIAL  CHARGING 

I 

• INCREASED  POWER-lflSS 

398 


Figlird  3.  Phased  Array  (Active) 
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Figure  8.  100-MW  SPS  Demo  Releranee  Electrical  Conflouratlon 
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SPACE  ENVIRONMENTAL  EFFECTS  AND  THE  SOLAR  POWER  SATELLITE 


John  W.  Froemani  David  Cooke,  and  Patricia  Reiff 
Department  of  Space  Physics  and  Astronomy 
Rice  University 


ABSTRACT 


tho  summarizes  some  preliminary  findings  regarding 

S^Ari  plasma  at  GEO  and  the  Marshall 

clSde  Ihl^flulTnl-  baseline  SPS  design.  These  in- 
will L™?  '=>'  photoelectrons  and 

e.u*  of  higher  conductivity  than  kapton  should  be  used 

pS5?t  material. substrate  and  the  solar  cell  blanket  sup- 


solar  reflector  should  be  tied 
electrically  to  midpoint  voltage  of  each  sular  cell  array. 


4. 

material 

pected. 


Tests  should  be  run  on  the  proposed  solar  cell  cover  glass 
(synthetic  sapphire)  to  determine  if  breakdown  is  e.x- 


INTRODUCTION 


1 illustrates  the  basic  concept  of  the  solar  power 
n ^ /large  area  solar  cell  array  converts  sunlight  into 

kivstrin^^  Th^^i  V converted  to  microwaves  via 

frnm  ^ diameter  microwave  antenna  directs  the  beam 

from  the  geosynchronous  orbit  satellite  to  a receiving  antenna  on 
the  ground.  The  receiving  antenna  (called  a recleniSf  ?SJai«s 

oiitnnt-  rectifying  diodes  and  filters  whose 

hnt?ni  It  electricity  suitable  for  conversion  to  A.  C.  distr- 

Dution  to  a power  grid. 


The  area  of  the  solar  cel]  array  is  about  50  km' 

rre^seft'hi'J^?/  f l«%<^«ncentrating  reflectors 
are  used  the  solar  cell  surface  area  may  be  reduced. 


tor  a 5GW 


The 

Marshall 


Rice  University  study  is  concerned  with  the  NASA 
Space  Flight  Center  SPS  baseline  design  as  of  January 
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1978.  The  purpose  of  the  study  is  to  investigate  and  make 
design  recommendations  regarding  satellite  charging  due  to  geo- 
stationary orbit  ambient  plasmas. 

The  study  involves  the  following  steps: 

1.  Define  the  "worst  case"  plasma  environment. 

2.  Calculate  probable  voltages  at  critical  points 
on  the  satellite. 

3.  Identify  vulnerable  areas. 

4.  Suggest  design  changes  where  necessary. 

5.  Calculate  the  probable  new  voltages  after 
design  changes. 

6.  Calculate  the  parasitic  current  loads. 

Based  on  a search  of  the  literature  and  data  we  have  selected 
the  following  "worst  case"  conditions  for  the  plasma  sheet  at  geo- 
synchronous orbit: 


kT  (electrons)  = 5 kev 

kT  (protons)  = 10  kev 

- 3 

n = n = 2 cm 
e p 

These  are  not  the  absolute  worst  case  conditions  found  but  they 
are  typical  of  a severe  substorm  and  should  be  adequate  to  indicate 
out  trouble  spots  in  the  spacecraft  design. 

Figure  2 illustrates  the  MSFC  baseline  design  used  in  our 
study.  This  design  employs  solar  reflectors  to  concentrate  the 
sunlight  on  the  solar  cells.  The  concentration  ratio  is  2.  The 
solar  reflectors  are  the  sides  of  the  troughs  shown  in  arrays  of 
three  at  each  end  of  the  satellite.  The  solar  cell  blankets  are 
suspended  by  cables  at  the  floor  of  each  of  the  troughs  in  a 
trampoline  fashion.  The  solar  cells  are  connected  in  parallel 
across  t!ie  trough  and  in  series  along  the  trough  so  that  each 
pair  of  blankets  puts  out  about  6000  amps  at  45.5KV.  There  are 
six  such  pairs  on  each  of  the  six  troughs. 


CURRENTS 

Our  first  task  was  to  compute  the  plasma  thermal  currents 
and  photoelectron  currents  to  the  solar  cell  array.  In  treating 
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the  plasma  electron  and  ion  currents  we  assumed  a thin  sheath 
approximation,  ie.  that  the  collecting  area  was  the  are,  of 
solar  cell  array  (front  and  back)  and  that  positive  ions  would 
to  the  negative  portion  of  the  arrav  and  electrons 
to  the  positive.  We  assumed  that  the  photoelectron  current  from 

would  be  the  expected  photoclcctron  current 
times  the  array  area.  The  photoelectron  current  density 
by  integrating  the  product  of  the  photoelectron  ' 
yield  function  for  synthetic  sapphire  and  the  solar  spectrum 
The  resulting  photocurrent  density  is  3 x 10-9  amp/cm!^  For 
the  positive  array,  we  assumed  that  the  solar  reflectors  would 
supply  a bath  of  photoelectrons  which  would  be  attracted  to  the 
positive  array.  Since  the  subtended  area  of  the  solar  reflector 

^ current  is  taken  to  be  the  current  den- 

tiin  area.  Figure  3 illustrates  the  photoelec- 

tron paths  and  gives  the  current  densities.  The  photoelectron 

current  is  found  to  dominate  the  thermal  ion  and  electron  cur- 
rents both  of  which  are  given  bv  «-itciron  cur 


ne 

4 


^8kT 

M It  m 


where  n,  F and  m are  the  number  density,  temperature  and  mass 
o/?"®  or  electrons,  and  k and  e arc  the  Roltnmafi  constant 

respectively.  The  resulting  parasitic  cur- 
rent.  Ip,  mostly  photoelcctrons , is  about  5000  amps.  Assuming 
LJ*e  midpoint  of  the  solar  array  is  grounded  to  the  solar,  rci'lec- 
toi,  the  averap  voltage  above  and  below  ground  V is  11, .375  volts 
The  parasitic  load  is  therefore  ^irs 


Pp  = Ip  = 54  MW 


This  is  about  0.7%  of  the  5 GW  output. 


SOLAR  CELL  SURFACE  VOLTAGES 

Turning  to  the  voltages  developed  on  the  satellite  we 
decided  at  the  outset  that  the  solar  cells  were  probable  the 
single  most  vulnerable  item  on  the  satellite  becSusc  thby  are 

Pigure  4 shows  the  design  ^ of  the 
*reing  considered  for  the  MSFC  Baseline  design! 
KftJh  inverted  design  with  synthetic  sapphire  forming 

m!  er  !hLT"  sapphire^is  :o  LV.Vo^ 

bK^nkct!^  ^ supported  by  a J5  micrometer  kapton 
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For  our  purposes  the  cell  is  idealized  as  a sapphire,  act- 
tive  region,  Kapton  sandwich  (see  Figure  5),  The  voltages  acrosa  . 
the  sapphire  and  Kapton  dielectrics  are  theri  the  III  drops 
resulting  from  the  photoelectron  and  plasma  thermal  currents 
times  the  resistance  of  the  dielectrics.  These  voltages  are 
shown  in  Figure*  5.  The  assumed  resistivities  of  sapphire  and 
kapton  are  lO^**  ohm*cm  and  lO^h  ohm*cm  respectively.  The  larg- 
est voltage  is  that  across  the  kapton  blanket  on  the  positive 
array. . This  may  exceed  the  breakdown  voltage  for  kapton, 

2 X V/cm. 


THE  OPTIMUM  GROUNDING  POINT 

To  calculate  the  floating  potential  for  the  solar  cell  array 
(defined  as  the  point  on  the  series  voltage  string  closest  to  the 
plasma  potential)  we  require  that,  at  equilbrium,  the  sum  of  all 
currents  between  the  satellite  and  the  plasma  be  zero.  We  calcu- 
late this  sum  by  adding  the  currents  to  the  positive  and  negative 
areas  of  the  array.  A"*"  and  A" 


''■'-’phe  * - A*(Jph^  » 2J,) 

ignoring  the  metallic  solar  reflectors.  Here  J , , J.  and  J are 

phe  1 e 

the  photoelectron,  ion  and  electron  current  densities.  This 
yields 


Ideally,  the  negative  area  (and  hence  voltage  string)  should  be 
17"  larger  than  the  positive  surface.  We  do  not  consider  the  cal- 
ulation  to  have  17"  precision,  however.  We  recommend  grounding 
theinidpoint  of  each  voltage  string  to  the  satellite  structure  and 
the  solar  reflectors. 

It  might  be  argued  that  the  photoelectrons , are  not 

part  of  the  spacecraft-magnetospher ic  plasma  current  loop  and 
therefore  should  not  be  included  in  the  current  balance  equation. 
We  believe  that  a substantial  fraction  of  the  photoelectrons  will 
escape  to  space  and  that  their  inclusion  is  therefore  appropriate. 
In  calculating  the  electric  potentials  of  bodies  in  space  it  is 
accepted  practice  to  include  the  photoelectron  currents  (eg. 
Whipple,  1965;  Manka,  1975).  Moreover,  estimates  of  the  electric 
potential  of  the  lunar  surface  can  only  be  made  to  agree  with  the 
experimental  values  when  photoelectron  emission  is  included 
(Freeman  and  Ibrahim,  1975;  Freeman,  Fenner  and  Hills,  1975). 
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The  floating  potential  will  change  with  time  but  will  probably 
tcfid  to  equilibrate  about  the  midpoint  on  the  voltage  string  so 
this  is  probably  a good  choice  as  a practical  matter  (I. .K.  Parker 
private  communication). 


VOI"'  -S  ON  PASSIVE  SURFACES 

We  estimate  the  voltage,  (J>,  on  the  darkside  passive 
(unbiased)  surfaces  of  the  satellite  using  Chopra’s  equation 
(Chopra,  1961)  . 


For  the  sunlit  surfaces,  the  potential  is  several  times  the  mean 
photoelectron  energy.  Thus,  we  expect  +10  to  +100  volts  for  the 
sunlit  surfaces  and  -10,000  to  -20,000  volts  for  the  darkside  sur 
faces.  The  backside  of  the  solar  reflectors  are  1/2  mil  kapton 
whose  breakdown  voltage  should  be  less  than  2500  volts.  Thus, 
arcing  is  to  be  expected  on  the  backside  of  the  solar  reflectors-. 
Figure  6 summarises  these  voltages  at  various  points  on  the  sat- 
ellite. 


THE  SHEATH  THICKNESS 


Because  of  the  high  voltage  biases  produced  by  the  solar 
cells  the  appropriate  sheath  is  a Chi Id-Langmui r sheath  given  by 
(Langmuir,  1914) 


J 


If  we  take  J to  he  the  plasma  electron  thermal  current  given  by 


J 


cn 

4 


1/2 


we  have  for  the  sheath  thickness 

d = 933  n'^/^  (kt)'^'^'* 
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d is  in  cm;  n,  electrons  cm  ; kt  in  eV  and  V in  volts.  This 
is  the  expression  given  by  Parker  (this  volume)  except  for 
the  deletion  of  his  term  which  corrects  for  a significant  ram 
current.  The  fam  current  due  to  satellite  motion  through  the 
medium  is  negligible  because  the  thermal  plasma  and  the  satel- 
lite both  CO- rotate  at  the  same  velocit)  . I'lasirta  flows  from 
the  geo'uignetic  tail  arc  iiinored  here. 

Figure  7 is  a sketch  showing  the  dimensions  of  the  Child- 
Langmuir  sheath.  Note  that  it  is  of  the  order  of  the  width  but 
not  length  dimensions  of  the  satellite.  Our  earlier  thin  sheath 
approximation  is  valid  only  to  within  factors  of  Unity. 


CONCLUSIONS 

At  this  point  in  the  study,  our  conclusions  arc  as  follows: 

1.  Voltage  breakdown  will  occur  on  the  solar  reflec- 
tor backsides  and  probably  on  the  solar  cell  kap- 
ton  support  blanket. 

2.  The  parasitic  load  will  be  dominated  by  photoelec- 
trons and  will  amount  to  about  34  MW  (for  GEO 
only) . 

3.  The  optimum  ground  point  to  the  structure  and 
solar  reflectors  is  the  middle  of  each  solar  cell 
voltage  string  ie.  we  want  +22.75KV  to  -22.75KV. 

4.  Tests  should  be  run  on  the  solar  cell  front  face 
in  a substorra  test  facility  to  sec  if  conductive 
cover  glasses  should  be  used. 
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Figure  3.  - Photoelectron  paths  and  current  densities. 


Figure  4 - Cross  section  of  GaAIAs  solar  cell  blanket. 
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Figure  6.  - Summary  of  voltages  on  satellite  passive  surfaces. 
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PLASMA  PARTICLE  TRAJECTORIES  AROUND 

SPACECRAFT  PROPELLED  BY  ION  THRUSTERS  ‘ 
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ABSTRACT 


to  thoir  considered  for  propulsion  of  future  spacecraft  due 

thrust  ratio  and  easy  access  to  solar 

power  for  long  duration  missions.  Operation  of  such  thrusters  requires  high 

fr^^the  thro^  electric  fields  can  draw  return  current 

plasmas,  reducing  system  efficiency.  In  this  paper, 

MO  ^ >>y  » collimated  energetic  beam 

(10  keV)  arid  a cloud  of  ionized  thermal  propellant  ('XilO  eV)  produced  by 

^ adiabatic  model  is  used  to  describe  the  expansion  of 

currLtr!!J«i  plasmas  away  from  the  source.  As  the  pressure  falls,  shielding 
currents  dissipate,  and  the  geomagnetic  field  takes  control  of  the  particles. 

In  low  earth  orbit,  it  is  concluded  that  the  vehicle  easily  outruns  its 

hleriStaefT'f  altitude,  the  local  electric  fields  around 

neSs  S collect  return  current  from  the  thermal  plasma  that  ap- 

ITILT  ! available  space  charge.  Results  appropriate 

missions  and  the  solar  power  satellite  are 
presented  and  operational  considerations  are  discussed. 


INTRODUCTION 


wclffh^wf  requirements  for  long-duration  missions  and  minimum  vehicle 

in  ion  thrusters  that  operate  from  solar  energy. 

niLoI?  r ^ prolonged  missions  makes  them  strong  candidates  for  Inter- 
kiS<no  f explorations  to  comets  and  asteroids  and  as  a means  of  station 
keeping  for  geosynchronous  payloads.  They  are  also  attractive  for  orbit- 
transfer  propulsion  when  time  is  not  a primary  limitation. 

A number  of  small  thrusters  have  been  built  and  tested  in  space  and  the 

larger  propulsion  modules  have  been  con- 
I future  large-scale  applications  (refs.  5,6).  All  of  these  thrusters 

fnanid  ® chamber  and  accelerate  the  ions  across  closely 

spaced  grids.  The  high  grid  voltage  collimates  the  ion  beam,  and  an  adjacent 
electron  source  provides  immediate  neutralization.  A secondary  source  of 
plasma  at  the  outlet  occurs  by  charge  exchange  between  the  beam  ions  and 
escaping  neutral  atoms.  Approximately  15%  of  the  beam  charge  is  transferred 

oLmmL«?^T  ! J represent  a significant  source  of  local  current.  Some 
operational  characteristics  of  these  thrusters  are  summarized  in  table  I. 
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TABLE  I. 


NOMINAL  ION  THRUSTER  CHARACTERISTICS 

Crefs.  5-7  and  D.  Grim,  private  communication) 


Source  Grid  Diameter  (cm) 

30 

100 

Propellant  Gas 

Hg 

A 

Beam  Current  (A) 

2 

80 

Acceleration  Voltage  (kV) 

1.1 

10* 

3 

Exit  Plane  Beam  Density  (ions/cm  ) 

•^5  X 10^ 

Exit  Plane  Thermal  Density 

3 

(ions /cm  ) 

Thermal  Ion  Current  (A) 

0.2 

'Vig 

Efficiency  (%) 

70 

80 

Thrust  (N) 

0.13 

6 

*Solar  power  satellite  station  keeping  operation  at  geosynchronous 
altitude. 

The  plasma  environs  around  the  spacecraft  consist  of  both  thruster  exhaust 
and  natural  background.  Some  characteristics  of  these  plasmas  that  are  needed 
in  the  following  analysis  are  presented  in  table  II.  Only  operations  in  low 
earth  orbit  (LEO)  around  400  km  altitude  and  geosynchronous  earth  orbit  (GEO) 
at  6.6  earth  radii  geocentric  are  considered  here  to  demonstrate  the  effects. 
The  spacecraft  Is  assumed  to  be  following  a circular  trajectory  so  that  its 
speed  relative  to  the  background  magnetoplasma  is  7.7  km/sec  at  LEO  and  nearly 
zero  at  GEO.  At  LEO  the  natural  plasma  density  Is  adequate  to  shield  the 
spacecraft  fields  from  the  thruster  plasma.  However,  the  tenuous  conditions 
at  GEO  allow  fields  to  extend  well  beyond  the  vehicle  dimensions. 


TABLE  II.  PLASMA  ENVIRONMENT 

PARAMETERS 

Crefs. 

LEO  at  400  km 

7-8) 

GEO 

at  36,000  km 

Natural  Plasma 

Argon  Thruster  Plasm 

Ion  Density  (m”^)  LEO 

loj^  - loj^ 

Beam 

Thermal 

GEO 

10^  - 10^ 

- 

- 

Ion  Thermal  LEO 

Energy  (eV)  gEO 

0.1 

1-10 

10 

10 

Ion  Mean  Free  Path  (km)  LEO 

"xio. 

'V/IO^ 

10, 

GEO 

'VIO® 

-vio' 

103 

Ion  Larmor  Radii  (km)  I.EO 

1 

2 

0.5 

GEO 

1,000 

500 

60 

Debye  Length  (cm)  LEO 

'i'O.S 

0.01 

0.007 

GEO 

''/800 

(at  exit  plane) 
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For  Ion  propulflion  to  operate  efficiently  from  solar  energy,  a high  voltage 
solar  array  la  required  to  avoid  the  extra  weight  of  power  converters.  The 
local  electric  fields  around  these  panels  con  attract  the  thruster  plasma  If 
Debye  shielding  by  the  ambient  plasma  is  Inadequate.  Additionally,  os  the 
thruster  plasma  disperses,  the  geomagnetic  field  eventually  takes  control  of 
the  particles,  and  some  geometries  permit  orbits  to  fold  back  on  the  vehicle 
surface.  Such  return  current  diminishes  the  effectiveness  of  the  overall  sys-  ^ 

tem  by  inhibiting  propulsion  and/or  leaking  power  from  the  solar  energy  col- 
lectors. 

The  purpose  of  this  paper  is  to  investigate  the  interaction  of  the 
thruster  plasma  with  its  parent  power  source.  The  Intention  is  to  iderstand 
the  plasma  behavior  qualitatively  and  make  quantitative  assessments  where  re- 
turn current  moy  be  significant.  The  goal  is  to  identify  modes  where  there  are 
negligible  system  losses,  determine  characteristics  of  modes  where  return  cur- 
rent levels  impact  the  system  efficiency,  and  explore  ways  to  modify  ineffi- 
cient configurations.  In  the  following  section  a model  is  developed  for  the 
expansion  characteristics  of  the  energetic  beam  and  thermal  plasma.  The  next 
section  describes  the  role  of  the  geomagnetic  field.  The  spacecraft  field 
effects  are  treated  In  the  last  section. 


THRUSTER  PLASMA  EXPANSION 


Rather  than  solve  the  nonlinear  MHD  fluid  equations  numerically  for  equi- 
librium conditions,  a less  complicated  approach  is  presented  in  which  the  tra- 
jectory equa  ion  for  the  average,  plasma  column  radius  with  time  is  derived  ana- 
lytically from  conservation  of  energy  and  adiabatic  constraint  equations.  The 
adiabatic  fluid  equations  are  used  because  they  are  often  a valid  approximation 
for  collisionless  systems.  The  only  requirement  Is  that  the  third  moment  of 
the  distribution  function  around  the  mean  expansion  s\;>eed  must  be  small.  This, 
along  with  conservation  of  particles,  yields  an  equation  for  the  average  plasma 
density  with  time.  It  is  solved  only  for  the  ion  motion,  assuming  that  there 
exists  a charge  neutralizing  background  of  electrons  that  follow  the  ions. 

From  conservation  of  energy. 


1/2  M v^  “ k(T^  - T)  (1) 

where  M is  the  Ion  mass,  v is  the  local  mean  ion  velocity,  k is  Boltzmann's 
constant,  T^  is  the  thermal  ion  temperature  at  the  source,  and  T is  the  local 
ion  temperature  along  the  benm.  The  adiabatic  constraint  equation  is 


T/N/-1  . 1 ,'N  ■^-1 

X,  o o 


(2) 


where  Nj,  is  the  line  plasma  density,  Nq  is  the  source  density,  and  y is  the 
ratio  of  specific  heats  which  has  the  value  5/3  here. 
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Beam  Plasma 


dloda“r™Sl/anrSrLu!lon^j2d"ria«rexLrt“ 

line  source  plasma  model  with  rA^^^a1  o/4<nK-a.4  a rocKec  speed,  a 

plaa,«  axpanalon.  Aaaunla,  „„  and  loaaaa,  cZa%vat“S  ^rp^tl^Ua'^- 


(3) 


an  Implicit  expression  for  r(t),  ^ ^ 8*ves 


''o  ‘ ° <f)  ^ ,2n  ^ (_t.)V3.jj1/2j, 

O *'n 


(4) 


I!^nicSuJ.“'prm‘eq»‘  (i)^  velocity.  Equation  (4)  nay  be  aolved 

and  3 . ut!  »hereVJs-tS^S?ei?L‘’ClaS“la“>' 


genee\tX‘aou?cl?'“J„^b‘?:r'’"JJ°"  '>v™  diver- 

bean  envelope!  these  results  leads  to  an  expression  for  the 

.-1 9/e  I ^ 


N(8,z)  = Nj^(z)  e' 


(5) 


a!is?are'  “"t-h® 

contours  for  a one  neter  argon  100  cn'thruft"  at1rdm"er"eirrinfs""“’' 


M 
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thermal  Plasma 


Charge  transfer  within  the  beam,  between  the  slow  neutrals  and  the  fast 
Ions,  produces  a relatively  high  density  cool  plaSms  which  remains  In  the 
neighborhood  of  the  thruster.  The  source  characteristics  of  this  plasma  plume 
depend  upon  the  charge  transfer  production  rate  and  the  subsequent  motion  of 
the  slow  Ions  which  are  described  in  the  Appendix.  The  latter  step  Is  con- 
siderably more  complicated,  because  the  ion  dynamics  are  dominated  by  the 
electrostatic  potential  structure  In  the  charge  transfer  region,  which  In  turn 
is  determined  by  the  beam  neutralization  process. 

Here,  the  adiabatic  model  is  assumed  to  adequately  describe  the  motion  of 
the  thermal  plasma  away  from  the  source.  However,  the  Isotropic  motion  of 
neutrals  suggests  hemispherical  expansion  so  that  conservation  of  particles  nov 
has  the  form 

"s/%  “ (6) 

where  n Is  density  and  p is  radial  distance.  Following  the  same  analysis  as 
before,  yields  an  explicit  equation  for  p(t), 

where  v^  Is  the  mean  velocity  in  the  source  region.  Similarly,  expressions 
» T(t),  and  v(t)  may  be  obtained.  The  Initial  density  distribution 
of  neutrals  Is  assumed  to  have  a cos  6 angular  distribution  (ref.  7).  Conse- 
quently, the  thermal  density  envelope  has  the  form 

n(6,p)  “ ttgCp)  cos  0 (8) 

Figure  2 shows  density  contours  of  the  thermal  plasma  from  the  argon 
thruster  for  two  different  times.  Note  that  the  density  levels  for  the  con- 
tours in  both  figures  1 and  2 are  the  same.  Also,  it  is  Important  to  note  that 
the  beam  plasma  escapes  the  spacecraft  region  easily  while  the  slower  thetmal 
plasma  remains  In  the  vicinity  of  the  spacectaft. 


Figure  2.  - Thermal  plasma  density  contours  for  argon  SPS  thruster. 


GEOMAGNETIC  FIELD  EFFECTS 

(see  'i:'  o»‘t..,upun.. 

As  the  beam  and  thermal  plasmas  expand  h^L^er  geomagnetic  field, 

and  the  geomagnetic  field  eventually  takes  coitril  «f  4^^®  dispersed. 

Ah  exact  treatment  of  this  transition  oroi?^««  ^ ^"^^vldual  particles, 

the  scope  of  this  paper.  A simple  oreLur^  Lif  complex  and  beyond 

since  the  exact  transition  process  does  nnt-  criterion  is  used  Instead. 

The  effect  of  epececteft  electric  fleldTH  treaSd  5«  the’’;Lrse'c°Uoi?"“’’ ’ 
terls?“  Jus^a  JSsJoI.'e'tl^rtlM^in'' 

plasma  fluid  to  single  particle  ^ transition  from  the 

fraction  the  themal  and  hea.  plasnaVuLa!  nTJr%«:re^!"T«":e- 


I NM  = B^/Sx 


ever.  It  serves^  uSful^purposf*  as  the°Str*^t^H  ? approximation.  How- 
are  found  to  be  relatively  close  to  IhJ  ®®*^^*"®*^®^^lo‘=3tlons  of  the  transitions 
into  the  geomagnetic  field  aJrassLed  trS^i;  velocities  for  ions 
the  Larmor  radii  are  large.  These  assUrnDtlLfi^nr®  °5  expansion,  since 
modeL-for  estimating  geomagnetic  effects!  P>^ovxde  a reasonably  consistent 


(9) 


Beam  Plasma 

density  envelopes  into  eq  (9)  and  «.wai  .-4  limated.  Substituting  these 

tion  values  shown  in  table  III  Comlail!  transl- 

table  II  conflme  the  a^eijtioa  cXd=^  Wh 

through  the  transition.  ^ i^ck  of  geomagnetic  distortion 

TABLR  III,  thruster  PLASMA  FLUID  TO  PARTICLE 
ORBIT  TRANSITION  LOCATION 


LEO  (400  km) 
GEO  (36,000  km) 


B 

(gauss) 

0.31 

O.OOll 


Density 
N or  n 
(lons/cm'’ 


2.4  X 10 
2.9  X 10 


Beam  Thermal 

o/r„ 

63  2.9  4.8 

40,000  400  208 
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The  loii-beam  directed  velocity  Is  substantially  greater  than  that  of  the 
spacecraft  at  L60  as  well  as  at  GEO.  Consequently,  these  ions  enter  the  geo- 
magnetic field  With  their  beam  speed.  Since  their  thert.ial  motion  is  small  as 

^heir  pitch  angle  relative  tc  the  geomagnetic  field  is  nearly  equal  to  the 
angle  between  the  thruster  direction  and  the  field.  These  ions  follow  well 
known  first-order  adiabatic  orbits  along  geomagnetic  flux  tubes  (e.g.,  refs.  10, 
11).  Depending  on  their  mirror  altitude,  they  may  be  trapped  for  an  extended 
period  (possibly  years  above  LEO). 

Most  applications  at  LEO  Involve  accelerating  spacecraft  to  attain  higher 
altitude  and  the  ion  beam  is  directed  at  a large  angle  to  the  field.  The  tilt 
of  the  geomagnetic  axis  relative  to  the  earth's  axis  and  appreciable  trajectory 
j inclinations  can  produce  angles  as  small  as  30“  or  less,  however.  If  the  beam 

is  directed  toward  the  atmosphere,  the  particles  are  completely  absorbed  in  the 
spacecraft  hemisphere;  if  the  beam  is  directed  upward  travels  to  the  opposite 
hemisphere,  where  it  is  deposited. 

At  GEO  the  spacecraft  is  usually  stationary  in  the  geomagnetic  field,  and 
the  ion  beam  may  be  directed  at  any  angle  with  respect  to  the  field  depending 
upon  its  purpose.  Generally  the  beam  ions  are  injected  into  trapped  orbits  of 
long  duration.  Their  longitudinal  drift  motion  and  subsequent  dispersion  is 
expected  to  eliminate  any  appreciable  return  current  to  the  spacecraft.  How- 
some  caution  is  advised  to  avoid  those  rare  conditions  around  the  geo- 
magnetic equator  that  create  particle  mirror  locations  close  to  the  vehicle 
which  could  cause  bursts  of  return  current.  At  the  opposite  extreme,  beams  in- 
jected nearly  parallel  to  the  field  (within  the  loss  cone)  follow  the  flux  tube 
down  to  the  atmosphere  where  they  are  absorbed.  Due  to  the  variety  of  possible 
^P^'^^tlng  conditions,  no  attempt  is  made  to  provide  quantitative  results  here, 
although  they  are  readily  calculable. 


Thermal  Plasma 

Due  to  its  hemispherical  expansion,  the  thermal  plasma  density  falls  much 
faster  than  that  of  the  beam.  Consequently,  its  transition  location  is  very 
close  to  the  vehicle  as  indicated  by  the  values  in  table  III.  Furthermore,  the 
thermal  plasma  does  not  function  as  Independently  of  the  spacecraft  as  the  beam 
can;  the  plume  stays  close  to  the  vehicle  until  the  field  takes  control.  Thus, 
these  ions  cause  concern  as  a possible  return  current  source. 


The  motion  of  the  thermal  ions  is  most  easily  perceived  in  the  rest  frame 
of  the  spacecraft  as  a continuum  of  expanding  spheres,  which  is  depicted 
schematically  in  figure  3.  As  the  plume  density  drops  to  the  transition 
threshold  defined  by  eq.  (9),  the  rearward  hemisphere  acts  as  a source  surface 
for  injection  into  the  geomagnetic  field.  Alternatively,  in  the  laboratory 
frame  the  ion  motion  is  perceived  as  a vector  sum  of  the  spacecraft  velocity  and 
radial  expansion  vector  as  shown  in  figure  4.  This  vector  diagram  is  valid  for 
all  times  of  interest  since  the  expansion  motion  is  radial  at  nearly  constant 
speed  and  the  Larmor  radii  are  large  compared  with  the  plume  dimensions 
(table  II).  At  the  outer  boundary  the  mean  thermal  expansion  is  6.9  km/sec 
compared  to  the  spacecraft  speed  of  7.7  km/sec  at  LEO. 
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At  LEO  It  Is  evident  from  figure  4 that  the  plume  cannot  **catch  up"  to  the 
spacecraft  (when  local  electric  flelda  are  omitted  frofli  consideration)*  because 
thermal  speed  is  directed  into  the  hemisphere  away  from  the  vehicle.  Even  those 
ions  in  the  enetgetlc  MaxWelliart  tall  of  the  thermal  plasma  move  away  due  to 
lack  of  collisions  back  toward  the  vehicle.  A typical  cluster  of  thermal  ion 
orbits  is  shown  in  figure  5 for  the  case  where  the  spacecraft  Is  being  propelled 
normal  to  the  local  geomagnetic  field. 

The  thermal  Ions  emanating  from  a geosynchronous  satellite  thruster  would 
follow  geomagnetic  orbits  like  those  in  figure  5 assuming  no  electric  fields 
were  present;  however*  the  scale  is  now  300  times  larger  (see  Larmor  radii  in 
table  II).  Those  ions  injected  neatly  orthogonal  to  the  local  geomagnetic  field 
can  return  to  the  spacecraft  after  one  gyration  if  their  velocity  components 
satisfy  the  inequality 


v„h  < Ckm)/607r  (10) 

whete  y,,  is  the  velocity  component  parallel  to  the  field,  v is  total  ion  speed, 
and  is  the  dimension  of  the  spacecraft  parallel  to  the  field.  For  a typical 
100  m extension  less  than  0.0005  of  the  thermal  ion  charge  would  be  collected 
directly;  the  rest  enter  trapped  orbits. 

^11  ^he  other  ions  travel  away  along  geomagnetic  flux  tubes  until  they  mir- 
ror and  return  past  the  place  of  the  spacecraft.  From  adiabatic  theory  for  geo- 
magnetlcally  trapped  particles  (e.g^,  refs.  10,  11),  the  time  to  return  to  the 
spacecraft  is  on  the  order  of  2 where  Rg  is  the  geocentric  distance  to 

the  spacecraft.  For  argon  ions  at  10  eV,  this  bounce  time  is  '\-1.2  x 10^  sees. 
During  this  time  they  drift  in  longitude  at  the  rate  of  about  3 x 10”®  rad/sec, 
which  corresponds  to  an  equatorial  transit  distance  of  1500  km,  well  away  from 
the  spacecraft. 


Figure  3 . - Thermal  ion  plume  expansion  Figure  4 . - Thermal  ion  trajectories 
(spacecraft  frame).  at  LEO  (laboratory  frame). 
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Figure  5.  - Thermal  ion 
geomagnetic  orbits  (space- 
craft thruster  at  LEO 
moving  across  B at 
7.7  km/sec).  ~ 
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SPACECRAFT  FIELD  EFFECTS 


Spacecraft  that  employ  ion  thrusters  for  propulsion  will  probably  use 
solar  arrays  to  generate  their  electrical  power.  Since  significant  propulsion 
achieved  with  high  power  levels,  the  array  will  undoubtedly  operate 
at  high  voltages  to  reduce  cci^duction  losses.  Such  potentials  on  exterior 
spacecraft  surfaces  produce  regions  of  high  electric  field  which  can  dramatl- 
►u  thruster  plasma.  Since  the  thermal  plasma  cloud  lingers  in 

the  vicinity  of  the  spacecraft,  the  ions  and  electrons  are  easily  attracted 

by  these  fields.  If  the  surface  is  insulated,  space  charge 
can  build  up  to  neutralize  the  applied  fields.  If  there  Is  access  to  non- 
insulated  conductors,  as,  for  example,  exposed  solar  cell  connectors,  the 
return  current  shortclrcuits  the  system,  lowering  efficiency.  Presumably  the 
main  thruster  beam  operates  at  such  an  energy  and  distance  from  these  field 
sources  that  it  remains  unaffected. 

A spacecraft  driven  internally  to  high  voltages  behaves  like  a floating 
double  probe  (refs.  12,  13).  Its  potential  distribution  Is  biased  nega- 
tive due  to  the  1 igher  mobility  of  electrons.  Experience  has  shown  that  a 
double  probe  in  an  ionospheric  plasma  with  an  Impressed  voltage  V has  Its  posl- 
n o about  0.1  V above  the  plasma  potential  and  its  negative  end  around 

u.v  V below  plasma  potential  (ref.  14).  This  large  negative  field  region  at- 
tracts the  thermal  ions  from  the  thruster,  and  their  rate  of  collection  limits 
the  return  current  to  the  vehicle. 


Return  Current  Theory 


The  range  o£  spacecraft  generated  electric  fields  deterfnlnes  the  volume  of 
plasma  that  can  supply  return  current.  The  electric  field  around  a naturally 
charged  spacecraft  extends  outward  only  a few  Dehye  lengths  (see  table  II)  be- 
cause of  shielding  by  the  ambient  plasma.  For  high  voltage  solar  arrays,  how- 
ever, the  shielding  length  Is  larger,  and  it  is  necessary  to  determine  the 
scaling  with  array  voltage. 


When  the  applied  potential  energy  eV  is  much  greater  than  the  theribal 
kinetic  energy  kT,  the  ions  are  pulled  from  the  plasma  with  nearly  zero  ensrgy 
(kT),  and  the  electron  space  charge  becomes  exponentially  Small  just  a few 
Debye  lengths  from  Che  plasma  edge.  Under  these  conditions  the  Langmuir-Child s 
space-charge  analysis  applies  (refs.  15,  16} • The  ion  current  density  flowing 
from  the  background  plasma  to  a negative  satellite  surface  Is 


j 


L.C. 


(2e/M)^^^  V 

2 2 
9it3  x*^ 


3/2 


(11) 


2 

where  3 is  a geometry  factor  and  x is  the  distance  between  the  source  plasma 
and  the  collector.  The  ion  current  collected  by  the  surface  is  limited  to 
that  available  from  the  surrounding  environment.  Including  the  ambient  plasma 
ions  and  ram  current  on  forward  surfaces  (due  to  spacecraft  motion),  as  well  as 
ion  thruster  sources. 


The  separation  x is  determined  by  limiting  Jl.c.  available  that 

can  be  drawn  from  the  surrounding  region.  For  the  geosynchronous  situation 
where  j^  = nev,  equation  (11)  has  the  solution 


3x 


1/2 


(12) 


Note  that  3x  is  Independent  of  particle  mass,  and  thus  applies  to  ion-  or 
electron-collecting  sheaths.  The  factor  3 Is  unity  for  plane-parallel  geometry 
(or  any  curved  surfaces  with  3x  much  less  than  a typical  dimension)  but  may 
vary  substantially  for  other  geometries  (ref.  16). 

For  the  conditions  of  geostationary  orbit,  a plane  electrode  at  10  kV 
would  have  a shielding  length  of  'v?  km.  Thermal  plasma  bubbles  produced  by 
Ion  thrusters  on  booms  even  one  kilometer  away  would  be  within  the  range  of 
the  electric  fields  from  the  spacecraft. 


Solar  Power  Satellite  Applications 

As  an  illustration  of  the  space  charge  limit  on  return  current,  consider 
station  keeping  of  the  solar  power  satellite  (SPS)  at  GEO.  One  version  of  the 
SPS  system  (ref.  6)  has  25  control  thrusters  located  on  a 0.5  km  boom  ex- 
tending from  each  corner  of  the  solar  array  rectangle.  Operating 


..  (( 
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characteristics  are  those  of  the  XOO  cm  argon  thruster  listed  In  table  I The 
solar  panel  Is  designed  to  operate  at  AO  kV  so  that  Its  central  power  mains 
arc  around  A kV  positive  and  36  kV  negative  vith  respect  to  the  Ltcrnal 

unshlelde/wIth^Ua  raterlor  Mr?ace"at“S*Sg«“e  J«aaUal!“  Threha™al° 

that  tM  external  fields.  The  amount  of  currLt 

LanLiiJ%rSs®  if  ?M  a"®®  estimated  using  the  methods  developed  bv 
if  fff  f A :J'i*  treating  the  cable  as  a rectangular  strip  of  " 

sSffne  f om"Jhfanf  f integral  of  the  charge  limited  current 

starting  from  the  end  of  strip  away  from  the  source  and  stopping  at  the 

thruster  cluster  radius  ro  is  given  by  the  expression 


where 


Aire  a - 1/2  ... 

I(>z)  “ (^) 

e = sln"^  (z/L) 


[cos  6 
(1-cos 


^os  6)  ■**  (i“COs  0) 


f i(>z)in  ^gure  6 demonstrates  the  concentration  of  current  density 
f f t $So  fof f r at  the  end  of  the  boom  pJodf L " 

~.i. Su”  ■ “* 

suf af fif  I ^ f J space-charge  limited  current  capacity  of  such 

surfaces  is  described  by  equation  fl3^  a*s  moll  a*iA  ..  j ^ sucn 

profile  similar  fn  ^har  ' 7^  f current  density  has  a 

SPS  Is  shown  In  fi O f ^ ®c*»®”‘^tlc  diagram  of  the  current  flow  to 

foif  f f f collected  In  the  corner 

of  Jhe  collecJjnffrfa“^f®i  structure.  The  enormous  dimensions 

rent 

^Itages  that  are  created  by  charge  collection  on  the  outer  surfff  LSofa- 
f f ?f  ®.  plastic  materials  Such  as  Kapton  have  been  perform^ 

if  fa  f?r  f **  ff  material  suffered  breakdown  and  pinhole  formation  at  the 
edges  of  conducting  elements.  Development  of  new  materials  or  somewhat  thicker 
af  presumably  will  be  needed  to  withstand  the  electric  fields.  Thus  to 

axial  f if  breakdown,  collection  of  thermal  return  currents  on  bare  co- 

axial cable  appears  to  be  a more  desirable  procedure. 
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Figure  6,  - Space-charge-limited  current  collected  by 
expoaed  boom  cable  to  thruster  cluster  on  SPS. 
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APPENDIX.  THERMAL  ION  GENERATION 


Charge-Transfer  Plasma 


The  slow  neutrals  are  assumed  to  expand  spherically  as  if  they  originated 
at  a point  a distance  r^  behind  the  accelerating  mesh.  The  fast  ions  are  as- 
sumed to  flow  in  a constant  radius  cylinder  over  the  range  where  the  neutral 
density  is  high  enough  to  support  charge  transfer.  Because  a significant 
fraction  of  the  original  ion  beam  undergoes  charge  transfer,  it  is  necessary 
to  Solve  the  coupled  equations  for  the  densities  of  fast  and  slow  ions. 


Momentum  transfer  during  charge  transfer  collisions  can  be  neglected. 
However,  we  also  neglect  the  effects  of  momentum  changing  collisions,  which  is 
not  entirely  Justified  and  would  have  a significant  effect  on  the  thermal 
plasma  expansion.  In  the  expansion  calculations,  we  have  used  spherical  ex- 
pansion rather  than  cylindrical  expansion  (as  implied  by  the  potential  model) 
as  a crude  way  of  accounting  for  the  typical  forward  motion  of  the  thermal 
particles  acquired  in  elastic  collisions  with  beam  particles. 

Slow  ion  creation  and  loss: 


dn  + cr(v  - v ) 

^ * J (J  ^ J “ j J ) 

■*s  V-V  '"^f  "^8  "^S  "^f^ 

I 3 


dt 


(1) 


where 


4 + + 

Jg  = Vg  etc.,  and 

If  » j/  + Jf°  ; Jg  = J^-"  + J3°  . 

and  a is  the  charge  transfer  cross-section. 


Fast  ion  creation  and  loss: 
+ 


dn 


dt 


f _ „ . + ^^^f  - '^s^  ..  + 


-V  • j, 


V^  V ^^s  ^f  ” ^f  ^s^ 

f s 


(2) 


J + J + 

dn^  dn 
r s 

dt  dt 


(3) 


Taking  Z 0 at  the  effective  center  of  spherical  expansion  for  the  slow 
particles,  and  letting 


I *n} 

o 


(4) 


we  have 


V 


19  2 

when  operating 

z^  az  ® 


(5) 
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: 1;: 


Jg  »~-^Q  * Jg  > and 


7 • i ss  -?  j 

''f  3Z  Jf 


CMblnlng  (4)  3,^  (5)  3„g 


fluences  v , v ^ bv 

S Q » 

,2 

we  obtain  a dlfferantlal  equation  for  the  slow  l„n  fluonce. 


8'  a 

Jg  “ , j = V (Z)/Z" 


8 

az^ 


+ (-T  + T> 

KZ^  ^ 


ik 

3Z 


where 


a(v-  - V ) 
r s'^ 

The  solution  of  equation  (8)  Is 

3J 

» a e"P(2> 
9Z  ® ® 

when 


(4) 


(7) 


(8) 


(9) 


(10) 


P(Z)  = 


r - f)  + 

o 


K 


(Z  - Z ) 
o 


(11) 


P(p  *o‘  -it  radius.  Since 

>^®te,  - 8iven  by  the  Initial  value  of  the  charge  transfer 


K Z ^ 
o 

Thus  the  slow  Ion  source  distribution  Is 


3Z 

8nd  the  net  slow  ion  current  Is 


IlIs  -p(z) 

KZ  2 " 

o 


J 


dZ 


(12) 


03) 


(14) 
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Thenftal  Ion  Acceleration 


The  thruster  beam  is 
speed  Vjj  such  that 


emitted  over  an  area  with  average  density  n^  and 


' ”b  ’b  ''o 


(1) 


where 


1 V 2 

2% 


eV.  - eV 
b n 


(2) 


bo  5®®’^  vehicle  skin  where  the  drop  Vn  occurs  Is  assumed  to 

Lfrior  f ® “®®«  ^^®®  P®th.  and  we  will  also  a^ 

fbotb^^rtf^i-h  5®''  charge  transfer  ions  move  backward  to  the  grid 

poth  of  these  aproxlmations  are  substantiated  by  the  results).  Then  the 


®b 


(3) 


Mit-i.oI**  ®l;^trons  are  supplied  by  a plasma  source  mounted  on  one  side  of  the 
thruster.  The  open  area  of  the  plasma  source  is  much  smaller  than  Aq.  The 
outer  structure  of  the  neutralizing  plasma  source  Is  grounded  to  the  outer 
structure  of  the  thruster.  This  plasma  can  be  assumed  to  have  an  Sec?«n 

^u^re^f^lttL'^iv^yh^”**  h?  temperature  of  perhaps  0.1  eV.  Since  the  net 

’ e* 

Drawing  this  current  from  the  plasma  to  the  beam  requires  the  voltage 
Vn»  i.e., 


I (V  ) 
e ' n' 


-I. 


(A) 


equation  Cr^f  .*'^'5)^^  neutralization  current  is  the  Langmulr-Childs 


^e  " ^ ^L.C. 


n 


97r6^A^ 


(5) 


ni«  ^ Is  the  separation  between  the  beam  and  the 

thruster  plasma,  B is  the  appropriate  geometrical  factor,  and  A„  is  the  emit- 

dlfferlnrp°j  l ^ neutralizing  plasma.  Equations  (A)  and  (5)  d^ermine  V„,  the 
difference  between  the  potential  at  the  center  of  the  beam  and  the  vehicle  skin 


A33 


(6) 


Evaluating  the  constants 


2/3 


= 5.7  X 10' 


(Volts) 


(6a) 


we  se  ’that  must  be  very  small  or  A-  must  be  large  in  order  to  exolain 
surroundlllg'^splcr  between  the  beam  center  and  the 

obtain  a large  emitting  area,  with  the  small  emitter 
geneStJrs^"  ® temperatures  characteristic  of  these  plasma 

pe  gap,  however,  can  be  quite  small.  We  shall  see  below  that  the  charge 
shleldlL^?®®"‘fK‘*r®^*'^  approximately  2.6  x lOlO  cm-3.  The  space  Charge 
X assuming  a temperature  of  1000*K,  is 

t “ j expression  for  the  voltage  required  to  emit  lu  across 

a gap  deterS?ned  by  a shielding  plasma  is  s ^ o to  emit  across 


n 


7.7  X 10 


K] 


1/2 


(7) 


gives  plasma  characteristics,  equation  (7) 


= 15.4  volts 

Without  the  charge  transfer  plasma,  would  be  much  larger. 
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STATUS  OF  MATERIALS  CHARACTERIZATION  STUDIES 
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SUMMARY 


terms  of  charging  and  discharelna  secondary  emission  and  in 

Both  types  “*i'<>™>«'ts. 

ties.  Ihls  psper  se-Mrlterjrrel^Jts  obtetaeS  toTf'  capablll- 


INTRODUCTION 


provi^^desigrguiLlinef^aL‘'r*'r^^®^s,^"''®®‘'^^  conducted  to 

s11e°'’jrX!S  -JltSr'V*  “ pr;<,ut“s1^"a£t  re- 

sponse  consists  basically  of  the  electros tatic*^ch^Ll^  spacecraft  charging  re- 
by  the  environment  and  the  arc  discharoino  f spacecraft  surfaces 

surfaces.,  including  the  cLpUnf of thf spacecraft 
trical  systems.  During  thesrSocif!  energy  into  spacecraft  elec- 

teract  with  the  environment,  with  each  other  u materials  in- 

ture  and  electrical  8ystem^.  laree?f  .hf  spacecraft's  struc- 

conduction  of  charge.  The  resoonse  of  absorption,  emission,  and 

on  the  environment,  the  properties  of  the^  surface  material  depends 

yields,  dielectric'str^jr  5 fnd  Lr  f?^  (resistivity,  secondary*^ 

cal  and  electrical  relationships  to  other  Seometrl- 

able  prediction  of  spacecraft  rha*.  por>.ions  of  the  spacecraft).  Rell- 

the  effects  of  both  the  basic  oroofrM  requires  accouating  for 

figurations  on  their  charging  L':"‘as:harnnrJeha'vT“"' ““ 

describing*thLr'^partlcular'^irSts°L*f°'^'''°**^  charging  by  Identifying  and 
spacecraft  constrttttot!  *at  tettntfnf  t *”  '“"flfcratlons  typical  of 

given  environment.  Materials  cUaracterisatronLlL’  h'Str^tet'thTttlitst 


deLmlne^chargirte**re8ponser^(2^  mechanloms  that 

parametets  that  are  needed  identify  the  values  of  rtaterlal  property 

qulred  to  vaUdate  m^Sels  «*»d  (3)  to  provide  the  dSta  Je. 

locate  relevant  lnformation^^^ExpSlments^ha*^^^h^  reviews  haVe  been  made  to 
of  spacecraft  materials  in  v^rione  ^ have  been  performed  in  which  samples 
vlroSmente  (In  general!  lo  IJe^t^n  «har8ln8^n! 

models  of  Che  chsrgine  phenomena  to  Idenclfv  studies  have  exercised 

ters  in  determlnlni  cha?glJT^sp^se  ““  “>'>»«■««  “*  Parmae- 

For  purposes  of  materials  characterl2At*'irin  ^ 

nomena  can  be  divided  into  two  classes  char*»<n»  ^!l5  ®P*®®nt®ft  charging  phe- 
characterlstics  are  those  that  detetmind.  ^ discharging.  Charging 

a specified  environment  ^nJ  US  SZl‘«  ** 

features  of  the™s*„ee?  f *"  ■“*’*•'**  “ »acur  «.d  the 

tens  depends  on  the  features  of*^th«®dl.eh^  energy  Into  apacecrafc  sys- 

fhe  materials  characterUaUon  sundp^ 

rate  area  of  investleation  K..^  v " ®°npiing  does  not  constitute  a sepa- 

scrlptlon  in  u™  „f ‘ «- 

and  the  discharging  responses  are  affected  h tn*  Doth  Che  charging 

charging  responses  is  an  essential  part  ornaLrUirSi^fcSSuo”" 

studtS^rte^  of‘’prog^^rJ™ard''«f rr  '““'‘•I*  characteruatlon 

classes  of  response.  aining  the  three  objectives  for  the  two 


CHARGING  RESPONSE 


Mechanisms 

its  entl“^nJ!  ‘5h%':r“Le«’tf  uLr«1‘“  «ith 

photons  incident  on  the  euS^  TL  ltlfT.  P««id»es  M 
by  abeocblng.  emitting?  ?nd  ^^niucSL  n'r;'"."®**  “““  «>vlronment 

reletlve  to  the  e«virL.?«  ?hu®  “"ulrlng  . potentlel 

entface  Is  teto.  This  must  hr?r““; 

known  well  before  spacecraft^chareinc^h^  acquire  nonzero  potentials  was 

ard  (ref.  2).  The  obserJef cSa«L  ® >^eco8nlzed  es  an  operational  haz! 

kilovolt  potentials  is  attributed  to  ®P«ce«aft  to  negative 

ating  in  the  geomagnetic  suJlm  e^n^e't  "P®'* 

terized  by  kilovolt  temperatures  (refs  3 and*4^  Plaamas  are  charac- 

vsry  nidely  In  the  eophlstlcatlon  of  tethnl,„e?^^.e?"®iS;:“ri“c?;S«? 
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omitted,  and  conducted  fluxes  to  surface  elements  but  have  In  conmon  the  condl- 
Uon  of  zero  het  current  to  all  surface  elements  in  -equilibrium  (refs.  5 to  8i. 
The  time  required  to  attain  equilibrium  depends  on  the  net  currents  to  various 
surfaces  and  the  capacitances  iii  the  system  (refs.  8 and  9). 

The  problem  of  determining  charging  response  thus  reduces  to  calculating 

current  to  a particular  surface  element  Is 
simply  the  sum  of  Incident,  emitted,  and  conducted  currents.  These  currents 

the  properties  and  potential  of  the  surface  element, 
and  the  effects  of  Its  surroundings. 


Material  Properties 

5^®  simplest  case  to  consider  is  that  of  an  Isolated  slab  of  Insulation. 

In  this  case,  a surface  element  Interacts  with  the  external  environment  arid,  if 
Insulator,  with  the  metal  structure  directly  beneath  it.  Current  den- 
^tles  to  a surface  element  of  such  an  insulator  are  illustrated  in  figure  1. 
The  current  densities  depicted  are  those  considered  significant  for  charging* 
response  in  the  geosynchronous  subston  environment,  in  which  electron  and  ion 
distributions  are  expected  to  have  temperatures  in  the  kilovolt  range  (refs.  2. 
o,  ana  10).  \ » 


In  this  simple  case,  current  densities  of  incident  ions  and  electrons  (i^ 
and  jg,  respectively)  depend  on  the  undisturbed  environment  and  on  the  surface 
potential  cpg.  All  other  current  densities  depend  on  the  properties  of  the 
surface  material  as  well  as  on  environmental  input  (incident  ions,  electrons, 
and  photons).  The  material  properties  required  are  evidently  those  that  de- 
scribe the  yields  of  emitted  electrons  as  functions  of  the  energy  and  angle  of 
incident  particle  Impact  and  the  bulk  conductivity  of  the  insulator. 


effects  on  surface  charging  are  illustrated  in  figure  2. 
gure  2(a)  depicts  local  effects  of  two  adjacent  surface  elements  at  different 

negative  than  cpj  (as  illustrated),  the  resulting 
fields  affect  the  trajectories  of  incoming  electrons  (and  Ions)  so  that  the 
energy  and  angle  distributions  of  environmental  particles  Incident  on  each  sur- 
face element  depend  on  both  <p^  and  q>2.  Trajectories  of  emitted  electrons 
are  also  affected  by  these  fields,  so  low-energy  electrons  emitted  by  surface  2 
(at  ^2)  can  be  collected  by  the  more  positive  surface  (at  cpi).  These  col- 
lected electrons  then  represent  an  additional  source  of  Incident  current  to 
surface  I.  in  addition,  surface  currents  can  flow  between  the  two  surface  ele- 

®®nt8  j j. 


..4  1 depicts  a similar,  but  more  global,  effect  In  which  a poten- 

tial barrier  results  in  the  exclusion  of  low-energy  environmental  electrons 
from  the  distribution  arriving  at  surface  1 (at  cp^)  and  In  crapping  of  second- 

surface.  Such  trapping  reduces  the  effective 
secondary  yield  of  surface  1.  Formation  of  potential  barriers  can  result  from 
differences  in  the  properties  of  surface  materials  (as  depicted)  or  from  aniso- 
tropies in  the  environment.  The  most  obvious  environmental  anisotropy  is  solar 
illumination;  formation  of  potential  barriers  due  to  illumination  of  one  side 
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<,  spacecraft  la  expected  (refa.  U and 
auch  potential  barrlcra  do  develop  to  space  (ret.  ). 

£ d.  -d-1  rsb-ranorties  th-»  cffccts  of  eurroundlngs  indicate  a 
need  « t^rthe  rorf^U^'oSruittJ  anS  the  energy  and  angle  diatrlbotlon.  of 

emitted  electrons. 

photon  impact  and  ^onductivit  * be  functions  of  applied 

pend  on  physical  L„g  modelers  have  used  methods  to  calculate  the 

field,  temperature,  ^ A^lctron  yields  that  differ  in  the  specific  pa- 

energy  and  angle  dependence  of  electro  y commonly  used  in  charging 

rameters  required.  Table  I lists  ^“®®rtles  required  by  the  NASA 

models.  cod“(iefa.  8 and  14).  vhlch  gives  the  most 

charging  analyzer  program  (NASCAP;  j £ *.^6  listed  properties, 

detailed  treatment  of  material  " Strength  eL  are  of  more 

radiation- induced  conductivity  . ebarcinc  response  but  are  Included 

interest  for  discharging  response  than  for  charging  response  ouc 

in  table  I for  completeness. 

The  materials  vhoae  properties  rul'"u«“!'and% 

surfaces.  These  Include  pure  metals  partJcularly  tor 

host  of  paints,  coatings,  information  is  available  for 

space  applications.  In  general,  fairly  complete  characterizations 

f y ^ ®-c-ristics  of 

r-;p:^tir:^\rysi:d  rtrers;;cerrart“Uitc  m^teneis 

Tudste, 

:^“irct';rc  rnd  ri™rn'int«actl«  dataware  ,ran“' 

ing  studies  have  been  made  £3  19  to  21).  Photoelectron  emission 

for  some  other  spacecraft  materia  ( ‘ vj.^£  22).  Modelers  of  charg- 

has  been  measured  for  some  spacecr  . , £ gnecific  interest  to  their 

mg  have  compiled  ™s““;Ui-elec«on  yield  due  to  Ion  (H+)  Im- 

;a«‘rppra«%o'ie'tha'l«at”ai.llahle  property  for  all  materials  ol  rnte.-cst. 

Thus,  although  material 

Ing  of  ®“'*“”^‘tuble  infoimatlon  and  to  identify  specific  sreas 

Tt  deficiency  la  needed.  Information  »“ 

illumination-applied  fields,  surface  condition,  aging,  etc  * 

SSiry  r rdartl^rert-:.-^  'rgi^“to-ohrai:  r.  mlsamg  imor. 
mation  can  be  devised. 
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Experimr>ntal  Results 


Ground  studies  of  the  chafglng  of  spacecraft  surface  materials  have  been 
reported  by  several  investigators  (refs.  24  to  31).  Such  tests  generally  in> 
volve  exposing  the  surface  of  interest  to  normally  incident  monoenergctic  elec* 
tron  beams  in  vacuum  chambers.  Two  types  of  sample  have  been  investigated: 
samples  of  single  materials  (polymer,  paint,  etc.)  and  samples  in  a "spacecraft 
configuration"  (solar-a  ray  segments,  thermal  blankets,  etc.).  The  single- 
material samples  have  generally  been  mounted  on  metal  substrates  that  were 
electrically  grounded  to  the  facility.  The  spacecraft-configuration  samples 
have  generally  been  tested  with  their  metallic  portions  grounded  to  the  facil- 
ity. Data  reported  include  current  in  the  ground  line  and  surface  potentials. 

A "typical  data  set"  (fig.  1 of  ref.  24)  is  reproduced  in  figure  3. 

The  most  common  method  of  summarizing  charging  test  results  is  by  plotting 
surface  potential  at  equilibrium  as  a function  of  electron  beam  voltage,  as  il- 
lustrated in  figure  4.  The  figure  shows  two  types  of  response  for  insulators. 
Linear  behavior  is  interpreted  to  Indicate  that  the  material's  resistivity  is 
large  enough  for  leakage  currents  to  be  negligible.  In  this  case  the  equilib- 
rium potential  is  determined  by  sur.face  emission  characteristics  (secondary- 
electron  current  due  to  electro.1  impact  and  backscattered  electron  cur- 

rent Jbs) * Behavior  in  which  the  surface  potential  reaches  a plateau  beyond 
some  beam  voltage  is  Interpreted  to  indicate  that  the  equilibrium  potential  is 
determined  by  leakage  current  in  the  plateau  region.  The  type  of  behavior  ob- 
served depended  on  material  thickness  and  beam  current  density  as  well  as  on 
resistivity  and  electron  emission  characteristics.  This  complicates  comparison 
of  results  from  different  Investigators,  since  the  beam  current  densities  used 
vary  from  one  to  another.  With  1-nA/cm^  beam  current  densities,  0.01- 
centlmeter- thick  Teflon  and  Kapton  samples  exhibited  emission-dominated  behav- 
ior to  beam  voltages  of  12  and  14  kilovolts,  respectively;  in  these  tests,  arc- 
ing occurred  at  higher  beam  voltages  (ref.  24).  Leakage-dominated  equilibrium 
has  been  reported  for  thin  (<0.0025  cm  thick)  Kapton  and  Mylar  (ref.  29)  and 
for  S-13GL0  paint  (ref.  24)  with  l-nA/cm^  beams,  and  for  0.005-centimeter- thick 
Kapton  at  slightly  higher  current  densities  (ref.  28). 

Equilibrium  potential  profiles  of  several  surface-material  samples  exhibit 
irregularities  that  are  probably  due  to  configuration  effects  such  as  those  il- 
lustrated in  figure  2 (beam  deflection,  trapping  of  secondaries,  etc.)  (refs. 

9,  24,  and  29).  Irregularities  in  equilibrium  surface  potential  caused  by  the 
presence  of  small  gaps  between  sections  of  a single  type  of  insulation  (e.g., 
srlar-cell  cover  slides  or  strips  of  Teflcn  tape)  were  also  observed.  These 
became  more  pronounced  for  larger  samples,  apparently  as  a result  of  increased 
beam  deflection  by  the  larger  samples  (ref.  30). 

Efforts  to  validate  the  NASCAP  code  by  comparing  its  predictions  with  ex- 
perimental data  have  begun  (refs.  9 and  14).  Agreement  between  prediction  and 
experiment  is  generally  very  good  when  both  material  properties  and  test  data 
are  available  (e.g..  Teflon  and  Kapton).  Additional  experimental  data  for 
single-material  samples  are  needed,  since  it  is  preferable  to  validate  the 
models  for  individual  materials  before  adding  the  complexity  of  surroundings 
effects. 


have  been  performed  wlch  normally  Incident  raonoenereetic 
a^tUblo  do  not  pomu  nodols  ^^“0?“ 

SL!  “>  E«P«lLnts  lncorp««tar 

it  "'0  space  environment 

consists  of  distributed  flunes  of  Ions,  electrons,  and  photons. 


Ground  testing  of  complex  objects  (spacecraft  models), 
modeling,  is  required  to  ensure  that  configuration  effects 
quately. 


with  concurrent 
are  modeled  ade- 
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Parametric  Studies 

sections  identified  the  need  for  experimental  efforts  to 
obtain  material  properties  and  to  provide  .nodel  validation  data  for  a variety 

e^eriiJhoirco^i/®^*'  material  in  each  environment, 

considering  experiments  to  study  configuration  effects  or  dis- 
charge characteristics,  is  prohibitively  large.  Since  charging  models  that  in- 
corporate material,  configura-ion,  and  environmental  factors  are  available  one 

stodifa*'  t required  is  to  conduct  parametric’ 

studies.  Such  studies  can  be  used  to  identify  those  material  properties  and 

con  iguration  characteristics  that  are  most  important  in  determining  charging 

kno^”fL^a  environments  and  how  accurately  the  properties  must  be 

knovm  for  a given  prediction  accuracy. 

chanyfL^H  example,  effects  of  changing  secondary-electron  yields  on -predicted 
ure  f pound  test  and  space  environments  are  illustrated  in  fig- 

5.  Figure  5(a)  shows  NASCAP  predictions  of  the  charging  response  of  a 
metal  plate  in  a 10-keV  electron  beam  for  three  sets  of  fecLdar^lectron- 
yield  parameters.  The  metal  plate  is  electrically  floating  and  has  a capaci- 
tape  to  its  surroundings  of  200  picofarads.  No  illumination  or  ions  are  pres- 

scptepd  and  secondary  electrons  by  the  plate.  As  shown  in  the  figure,  chane- 
Ing  eltner  the  maximum  yield  or  the  energy  ior  maximum  yield  Em  affects 


MT3  3 . “ lor  maximum  yield  Em  affec 

tWg.  potential  and  the  rate  at  which  charging  occurs.  From 

se  curves,  changing  6^  has  a stronger  effect  on  equilibrium  potential  than 

= 2.6,  E„  = 300)  as  rbaL  a^d  ieduc- 

ing  by  63  ppcent  (to  0.97)  increase  the  final  potential  by  38  percent 

9"oercent^  Tb  33  percent  (to  400)  decreases  the  final  potential  by  only 

predictions  of  the  charging  response  of  an  ATS-5 
ment^»  r’  ^ 5-keV,  l-partlcle/cm^  Maxwellian  "space  envlroit- 

Z .U  . !?.  Vf""  5(b),  differential  charging  is  negllgrble 

8 the  object  is  at  the  potential  shown.  The  curves  reflect  effects  of 

alving  the  secondary-electron  yield  for  1-keV  proton  impact  6_  for  all  sur- 
f ace  materials.  "Standard"  6p's  are  those  in  the  current  version  of  NASCAP 

the  Ss-robi“i‘'fL?'‘’?K  '*  materials  of 

ATS  5 object  (ref.  14).  With  the  curve  for  standard  6p's  as  a base,  a 
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SO^percent  reduction  In  dp'o  has  reauUed  In  a 58-percent  Increase  In  poten- 


mlnlnriin^rLtenti^r/^®^**  expected  to  be  an  important  factor  In  deter- 
^ potential  in  space  substorm  conditlor<s,  because  secondary  yields 

el  kilovoUs  are  expected  to^rgreat- 

fLuJ^s  ^ these  effectively  add  to  the  proton  fluxes'^ (refs.  2 and®32)? 
terminant  Ion-generated  secondary  electrons  are  an  important  de- 

seJJed  fLurf^f!  Obviously,  the  information  pre- 

Ilnc»Ar  ar>A  ^ u ^ ittsufflfilent  to  determine  \diether  the  relationships  are 
awroJria^e  “h®*"  material  and  environmental  parameters  thej  rre 

PP  P e.  It  does,  however,  indicate  the  usefulness  of  parametric  studies. 

comprehensive  parametric  studies  of  material  property  influ- 
ences have  been  reported  to  date,  some  work  has  been  done  (ref  33)  a^d  furthe- 

aieas  of  dif suggested  (ref.  9)  that  the  relative 
mini^ch«g“  consideration  in  deter- 


DISCHARGE  RESPONSE 


necnanlsms 


Kaia  charging  response  is  adequately  understood  in  terms  of  current 

a lances,  quantitative  discharge  mechanism  models  have  yet  to  be  devised  To 

sponsible**fo^  to  identify  the  mechanism^  re- 

f “ propagation  of  arc  discharges  and  to  describe  arcs 
A.n  terms  of  their  electromagnetic  signatures. 


dieUcir!^°IurL^f  »P=c.cra£t  charging  are  those  that  can  occur  on 

HifJ!  f ^ surfaces  charged  by  exposure  to  fluxes  of  kilovolt  particles  The 
dielectric  surface  exposed  to  this  environment  is  supposed  to  be  charged  nega- 

caSiL”}  underlying  spacecraft  structure,  it  thus  Lts  at  a 

1 * discharge.  The  situation  differs  from  voltage  breakdown  of  a di- 

t;r^«hodr:r  «i«id=tric-»«ar^t«£:c";t 

trL  i limited  supply  of  charge  at  the  cathode,  and  the  elec- 

^cLis  is  created  by  charges  that  are  removed  when  list 

in  the  me^a^ure  (Jef.  Jsr  " discharge  has  been  reported 


tlon  eLsflon  is  charging  response  it  is  sufficient  to  consider  the  absorp- 
J * **  charge  to  occur  at  material  surfaces  (since^ 

of  kilovolt  particles  is  much  less  than  the  thickness 

spacecraft  surface  materials) . However,  such  a description  is  probably  in- 
adequate for  considering  discharge-response  mechanisms. 

Kilovolt  electrons  incident  on  a dielectric  surface  oenetrate  a distance 
of  micrometers.  Secondary  electrons  are  emitted  from  a region  within  a few 


-“L^^irjbr  1 f“ 

on  the  distribution  ^4?  i ^loctron  ranee  Rn  ^ i-ivicy 

exist  that  descJib"  electrons,  and  on  Itradla^forM  ” 

techniques  have  b^’n  deSiredlor^'^rf^^®"  Profiles  (refs.  8 3l”'^ ond^tt^^ 

«>®vi8ed  for  their  measurement  (ref.  39).  ’ ^ 

- «)  Have  been  ee..eeV  bT^-  - 

Experimental  Results 

ments  must  be^^relied^on^t^”*^^*^*^^'^®  theoretical  models  for  disch 
a <iaee  been  Iron  which  e.^l?wt,Se°fe  «“‘be  «n"t“  cte‘d''"®'  S^laS  ™d 

current  L "atal  ^rtlone  ^r  I'!’'  “'8"“"“.  ahemel 

8ia^„cee'r^"eSr':rL'  “‘zrci  - a“^c:i“,^rei:e‘“"- 

««e  reeuUe  ere  lUustreee^  l„^‘“*  ^rrent- to-ground  end  volt.g“^er“^e- 
sJL^ng“i„r««%r“  '7'“*'  “P  »"  3le°lecSc  '‘a<=- 

reeumee.  »‘”6  the  surf  ecu:  aurfece  potlntlilXs  X«gUg 

^aS“^c^erg«°erfe&°e;^“*"|%a«^^^^ 

are  transfpr»>o/i  »-  ..u  emanating  from  a trieeer  e^^o  figure 

The  net  charge  Ot  ^**®y  cancel  with  thlf^^i  ^2 

f W ^n'th^^"round^i^^^^ 

th^'  «-a^\"Sg'L  Qr(»hUh"u‘e 

a Cherge  releeee^^e'Sh^^re'^!"  “‘te.  11  UraTllelir^-r 
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A return  current  pulse  is  Illustrated  In  figure  8(b),  and  Qj  Is  Just  the 
time  Integral  of  this  current  pulse.  Such  pulses  exhibit  a wide  variety  of  de- 
tailed shapes  (see,  e.g.,  ref.  30)  and  may  reflect  multiple  rather  than  truly 
single  events.  They  are  most  easily  characterized  In  terms  of  parameters  such 
as  peak  current  1^,  duration  ^t,  net  charge  Qj  ^ Ip  dt*  and  rise  time 

dl/dt{j^.  Results  reported  vary  widely  and  depend  on  sample  size  and  Instrumen- 
tation as  well  as  on  sample  material  and  configuration.  The  values  of  Ip, 

Q^,  and  At  all  Increase  with  Increasing  sample  area  for  small  samples 
(ref.  46);  recent  results  indicate  limitations  on  how  large  an  area  Is  affected 
In  a single  discharge  (ref.  30).  As  an  example,  values  given  for  samples  of  a 
few  hundred  square  centimeters  In  area  are  At  ~500  nanoseconds.  Ip  ~20  to 
100  amperes,  and  -20  to  60  |iC  for  sllvered-Tef Ion  samples  (ref.  24). 

A critical  aspect  of  instrumentation  that  must  be  considered  in  Investi- 
gating return  current  pulses  is  the  Impedance  to  ground  in  the  experimental 
setup.  Typical  surface  potentials  at  discharge  are  about  10  kilovolts,  and 
peak  currents  are  about  100  amperes.  Tlius,  a 50-ohra  termination  does  not  ap- 
proximate a short  circuit  in  this  case,  and  test  results  may  depend  strongly 
on  this  impedance  (ref.  30).  This  is  of  particular  concern  for  application  of 
results  to  the  spacecraft  situation. 

In  addition  to  descriptions  of  return  current  pulses,  estimates  have  been 
made  of  the  energy  in  a discharge,  the  charge  transferred,  and  the  area  dis- 
charged (refs.  24  and  30).  To  date,  no  data  have  been  reported  on  the  radiated 
electromagnetic  signature  of  such  arcs.  Hiis  Information  is  important  to  cal- 
culations of  electromagnetic  interference  (EMI)  resulting  from  discharges.  It 
is  lacking  because  none  of  the  experiments  reported  to  date  have  been  conducted 
in  anechoic  chambers  so  that  facility  resonances  have  made  EMI  measurements  im- 
possible. 

The  trigger  mechanism  for  discharges  is  not  understood,  but  data  indicate 
that  the  observed  discharges  begin  at  gaps^  holes,  or  edges  and  do  not  repre- 
sent bulk  dielectric  breakdown  (refs.  24,  27,  30,  43,  and  44).  Thus,  dis- 
charges are  observed  at  electric  field  stresses  signficlcantly  less  than  the 
dielectric  strengths  of  the  insulators  under  study  when  gaps  or  edges  are  pres- 
ent. Some  threshold  condition,  probably  configuration  dependent,  other  than 
Insulator  dielectric  strength  must  be  quantitatively  defined  for  accurate  arc 
prediction. 

Experimental  evidence  to  date  indicates  that  discharges  begin  at  gaps  in 
insulation;  that  charge  is  removed  from  an  area  much  larger  than  the  trigger 
site;  that  a net  negative  charge  is  ejected  from  a surface  during  discharge; 
and  that  this  charge  ejection  results  in  significant  currents  flowing  in  ground 
lines.  Yet  to  be  investigated  are  the  EMI  due  to  discharges  and  effects  on 
discharge  response  of  such  environmental  factors  as  distributed  fluxes  of  elec- 
trons and  the  presence  of  lone.  Experiments  in  which  solar-array  segments  with 
flexible  substrates  of  Kapton- fiberglass  laminates  have  been  illuminated  during 
exposure  to  electron  beams  have  indicated  that  arcing  on  such  structures  is 
greatly  reduced  during  illumination,  probably  because  of  photoconductivity  and 
the  thermal  enhancement  of  Kapton  conductivity  (refs.  24  and  46). 
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CONCUJDING  REMARKS 


The  cherglitg  response  of  surfaces  exposed  eo  eharged-pertlcle  and  photon 
fluxes  is  understood  In  terms  of  current- density  holonce  mechanisms.  Models 
of  charging  response  are  avalloble  and  predictions  ogree  well  with  cxpetlmentsl 
results  for  cases  in  T«hlch  material  properties  are  adequately  known.  Material 
property  Information  now  available  should  be  compiled  to  Identify  specific 
areas  and  materials  for  which  data  ate  lacking  and  to  provide  property  values 
for  use  In  prediction.  A cursory  examination  of  the  information  available  In- 
dicates that  the  least  well-known  property  for  most  materials  of  Interest  Is 
secondary-electron  yield  due  to  Ion  Impact  and  that  the  most  poorly  character- 
ized materials  ar^  chose  that  have  been  developed  specifically  for  space  ap- 
plications. Also  poorly  known  are  property  changes  with  time  due  to  exposure, 
repeated  arcing,  etc.  The  experimentation  required  to  determine  material  prop- 
erties adequately  for  charging- response  predictions  can  be  significantly  re- 
duced by  using  parametric  studies  to  Identify  those  properties  most  Important 
for  determining  charging  response  and  how  accurately  these  properties  must  be 
known  for  a specified  prediction  accuracy. 

Data  on  charging  response  of  spacecraft  surface  materials  under  monoener- 
getic  electron  irradiation  are  available  for  many,  though  not  all,  materials 
of  interest.  Data  on  the  effects  of  additional  environmental  factors  are 
needed.  Of  particular  concern  Is  Information  on  the  response  to  ion  Impact 
since  this  Is  expected  to  be  an  important  determinant  of  spacecraft  response. 
Effects  of  more  conq>lex  geometries  also  need  Investigation  to  ensure  that  the 
modeling  Is  adequate. 

The  mechanisms  for  Initiation  and  propagation  of  arc  discharges  are  not 
yet  understood,  although  a number  of  their  characteristics  have  been  experi- 
mentally identified.  The  initiation  mechanism  Is  apparently  configuration  de- 
pendent: Arcs  occur  preferentially  at  gaps,  seams,  and  edges.  A net  negative 

charge  Is  emitted  during  discharges.  J.ts  measured  magnitude  depends  on  system 
Instrumentation  as  well  as  on  sample  material  and  area.  'Hiese  dependencies 
are  of  particular  Interest  In  modeling  arc  propagation  as  well  as  In  extrapo- 
lating ground  test  data  to  space  conditions.  Models  of  charge  deposition  and 
transport  in  electron-irradiated  dielectrics  have  been  devised,  and  they  pro- 
vide a necessary  first  step  toward  developing  discharge  mechanism  models. 

This  paper  has  suntnarlzed  the  present  status  of  materials  characterization 
studies.  Efforts  are  being  made  to  develop  empirical  models  for  discharge 
pulses.  Data  on  a wider  variety  of  materials  and  configurations  are  needed  to 
support  this  activity  as  well  as  mechanism  model  development.  Xtiete  Is  a grow- 
ing data  base  on  characteristics  of  return  current  pulses.  Yet  to  be  investi- 
gated are  the  electromagnetic  Interference  spectra  from  arc  discharges  and  the 
effects  of  such  environmental  factors  as  distributed  fluxes  of  electrons  and 
Ions  and  temperature  on  discharge  response. 
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Figure  7,  - Charging  response  • configuration  effects. 
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Figure  3.  - Typical  data  set  from  materials  :haracterizatiort  tests  - charging  data. 
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SUMMARY 

I^ls  Rese»^  ^®“‘=^’«^8eomagnnic^subst^*e^  conducted  In  the 

The  materials  tested  were  fieSble  «oV!S  facility. 

6Poxy  . aluminum  honeyc^b  pa^eJs  substrates*  gtaphi te- fiber/ 

sisted  of  exposing  the  8amplert^m^SL«eiL?J®^®?^’^J‘^  «»®  tests  con- 

ergy  ftom  2 to  20  keV.  St^faL  ooteStS?!®  electron  beams  ranging  in  en- 
were  the  primary  data.  * currents*  and  surface  discharges 


of  Kapton  sheet  reiSorS^with  fSJics  orwieral’  eamples  consisted 

represented  different  eonsttuSlon  u fibers.  They 

charge  accumulation  on 

of  ^ '*lcl.,.w.re  r.pr...ne.tlve 

®“f.^eees.  A third  sammle  was  of  NavatA**  o ®°®^“®tive  or  nottconductive  painted 
other  two  samples  were  of  materiairo^rLJad®J«r'®^  substrate  material.  The 

ho«,c,^p„« 

2.J4-»lcro«.eeP-thick  „d  7.62- 


introduction 


electronic?  sy??^°?nom?^?toe‘'d?rl?rth?i?'ur?l  anomalies  in 

anomalies  are  believed  to  result  fr?m  Utetimes  (refs.  1 and  2).  These 

satellite  surfaces  after  differential  chareinf^L^th^  **"  ^®tious 

environment  (ref.  3).  The  Lewi?  BefLSJ  8®o“»a8ttetic  substorm 

of  the  charging  behavior  of  various  materials  in  it*  undertaken  investigations 
environment  simiiiation  facility  fref  A?  ^ -Jf  ^ f 8eomagnetic-substorm- 
solar-array  segments  have  undeJgon?  ;oL^;d«SM”*i  Materials  and  some 


first  such  ariroy  was  designed  and  built  for  the  Canadian- Aroer icon  Communica- 
tions Tedinology  Satellite  (CTS)  before  spacecraft  charging  effects  were  under- 
stood. However,  there  was  sufficient  concern  for  the  possible  charging  of  this 
array  that  a charging  investigation  was  conducted  (ref.  8).  The  CTS  has  sur- 
vived environmental  charging  since  its  launch  in  January  1976  but  has  suffered 
a power  loss  possibly  because  of  a charging  event  (ref.  9). 

VIhen  a similar  solar  array  was  proposed  for  use  on  tho  latest  Comsat  sat- 
ellite, Intelsat  V,  several  modifications  to  the  substrate  were  suggested  to 
minimize  the  charging  of  the  dielectric  surface.  The  Kapton-flberglass  sub- 
strate was  changed  to  Include  woven  carbon-fiber  fabrics,  or  conductive  surface 
coatings,  or  both.  Ihe  fabric  and  coatings  Would  be  electrically  grounded. 
These  "quasi-conductlve"  dielectric  substrates  required  testing  to  evaluate 
their  effectiveness  in  controlling  surface  charging.  Four  solar-array  segments 
with  different  carbon-fabric  weaves  and  surface  coatings  were  prepared  by  AEG- 
Telefunken  and  Comsat  Corp.  These  segments  are  part  of  the  samples  tested  and 
reported  on  herein. 

Five  graphite-fiber/epoxy  - aluminum  honeycomb  panels  (samples  of  mate- 
rials for  the  Navstar,  Voyager,  and  Intelsat  V satellites)  were  also  tested. 
They  are  representative  of  solar-array  substrates,  antenna  materials,  and 
structural  panels  used  on  these  satellites.  The  two  ahtenna-panel  samples  were 
painted,  one  with  a conductive  paint  and  the  other  with  a nonconductlve  paint. 

Two  thin-film  materials,  2.54-mlcrometer-thlck  aluminized  Mylar  and  7. 62- 
micrometer-  thick  Kapton,  were  also  tested. 

The  flexible-substrate  solar-array  samples  and  the  Intelsat  V honeycomb- 
panel  samples  Were  furnished  by  the  Comsat  Corp.  The  Navstar  honeycomb- panel 
sample  was  provided  by  the  Rockwell  international  Corp.-  And  the  Voyager 
honeycomb-panel  samples  were  supplied  by  the  Jet  Propulsion  Laboratory. 


DESCRIPTIONS  OF  SAMPI£S 


Flexible-Substrate  Solar-Array  Samples 

The  four  flexible-substrate  solar-array  samples  were  nominally  10  centi- 
meters by  11  centimeters  in  area.  The  substrates  were  made  of  12.5 -micrometer- 
thick  Kapton  sheet  (density,  19  g/n^^)  that  was  reinforced  with  either  a woven 
carbon-fiber  material  or  a woven  glass-fiber  material  bonded  to  one  surface. 

A silver-filled  polyester  strip  bonded  to  the  hack  surface  along  each  lO- 
centimeter  edge  provided  electrical  contact  to  the  reinforcing  and/or  charge- 
control  material.  The  front  surface  of  each  sample  held  2-centimeter-by-4- 
centimeter  solar  cells  of  10-ohm-centlmeter  resistivity. 

Sample  1 (fig.  1)  had  66-g/m^  woven  carbon-fiber  material  bonded  to  the 
back  surface  for  reinforcing  and  charge  control.  The  fabric  elements  were 
approximately  0.15  centimeter  wide  and  were  spaced  5 per  centimeter,  resulting 
in  a bare  Kapton  area  of  about  6 percent.  The  conductive  polyester  edge-strips 
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were  opaoed  10  centimeters  apart  with  50  carbon- fabric  elements  connecting 
them.  The  woven  material  contained  48  carbon- fabric  elements  crossing  the  sam- 
ple parallel  to  the  polyester  edge-strips.  A short  piece  of  Kaptoti- Insulated 
wire  was  bonded  Into  each  polyester  strip  for  making  circuit  connections.  The 
resistance  across  the  back  of  the  substrate  was  3.6  ohms.  Eight  2-eentlmeter- 
by-4- centime ter  solar  cells  were  mounted  on  the  bare  Kapton  front  surface  of 
the  substrate  In  two  parallel  strings  of  four  cells  In  series.  The  0.01- 
centlmeter- thick  cerium-doped  cover  slides  were  applied  with  DC  9350  adhesive 
and  were  similar  to  those  used  on  the  Cononunlcatlons  Technology  Satellite 
(ref.  8). 

Sample  2 (fig.  1)  had  45-g/m^  woven  carbon-fiber  reinforcing  and  charge- 
control  material  bonded  to  the  back  surface.  The  fabric  elements  were  about 
O.l  centimeter  Wide  and  were  spaced  approximately  3%  per  centimeter,  resulting 
In  a bare  Kapton  area  of  about  42  percent.  The  conductive  edge-strips  were 

9.8  centimeters  apart  and  were  Joined  by  34  carbon- fabric  elements.  Thirty- two 
carbon-fabric  elements  crossed  the  substrate  parallel  to  the  conductive  edge- 
strips.  The  resistance  of  the  substrate  between  the  strips  Was  3.9  ohms.  Cir- 
cuit connections  to  the  strips  were  made  through  a short  piece  of  silver  mesh 
bonded  Into  eadi  strip.  Four  2-ceutlmeter-by-4-centimeter  solar  cells  con- 
nected In  series  were  attached  to  the  bare  Kapton  surface  of  the  substrate. 

The  long  dimensions  of  the  substrate  and  the  cells  were  parallel..  The  0.015- 
centlme ter- thick  cerium-doped  cover  slides  had  a magnesium  fluoride  antireflec- 
tion coating. 

Sample  3 (fig.  1)  was  like  sample  2 except  that  a film  of  soot-bearlng 
adhesive  was  spread  over  the  woven  carbon-fabric  material  to  cover  the  bare 
Kapton  and  to  Improve  the  conductivity  of  the  back  surface.  Thirty- three 
strands  of  the  carbon-fabric  material  crossed  the  sample  perpendicular  to  the 
conductive  edge-strips,  which  were  9.9  centimeters  apart.  Thirty-two  strands 
of  material  crossed  the  substrate  parallel  to  the  conductive  edge-strips.  Sub- 
strate resistance  between  the  conductive  edge-strips  was  2 ohms. 

Sample  4 (fig.  1)  had  27-g/m^-dense  woven  glass- fiber  material  applied  to 
the  front  surface  of  the  substrate  for  reinforcing.  The  weave  density  of  about 
24  strands  per  centimeter  allowed  very  little,  If  any,  bare  Kapton  to  be  ex- 
posed. Soot-bearIng  adhesive,  as  used  on  sample  3,  was  applied  to  the  bare 
Kapton  On  the  back  surface.  Two  conductive  polyester  edge-strips  were  placed 

9.9  centimeters  apart  on  top  of  the  soot-bearlng  adhesive.  The  resistance  of 
the  Substrate  between  the  strips  was  5.3  kilohms.  Table  I summarizes  the  sam- 
ple characteristics. 


Graphite-Fiber/Epoxy  - Aluminum  Honeycomb.- Samples 

Five  honeyccxnb-panel  samples  were  tested.  All  five  had  aluminum  honey- 
comb cores  with  graphite- fiber/ epoxy  face  sheets.  Two  of- the  samples  were 
painted,  one  with  a conductive  paint  and  the  other  with  a nonconductlve  paint. 
The  remaining  three  samples  had  bare  graphite- fiber /epoxy  face  sheets.  The 
largest  specimen  (sample  5)  was  a sample  of  the  Navstar  satellite  solar-array 
substrate.,  It  was  30.8  centimeters  by  29  centimeters  by  1.59  centimeters  thick. 
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lit  -<■««  -* 

fiber  materiel  ran  halfway  ereu^  the  loo”ocroa8^onriaee*of“?l  '’*® 

epoxy  eaeteht  waa  hlsher  along  thle  atrlpe^  than  LTftfLt  S tte“1ae;  etet. 

The  nSlcoX?lirpalS‘aMpu“M'L"«M^^ 

1.6  certtlrtetsrs  thick  with  PVlOO  ^ centimeters  by 

one  surface.  The  sample  with  conduct ive*^paint  aUlcone  alkyd)  paint  on 
14  centimeters  by  2.5  centimetewthicrwlti^^^^^  centimeters  by 

designated  NS43C  on  both  sides.  Goddard  Space  Plight  Center  paint 

The  remaining  two  honeycomb* panel  specimens  fR  anri  o\  . 

materials  proposed  for  use  on  the  IntelsL  V^atelliS  Lth  ’®  ‘ 

Ij  centimeters  square.  Sample  8 had  O ni  apecimens  were 

fiber/epoxy  face\heeis  ?Sd  L f I graphite- 

core  with  0.005  centimeter  of  unsimnn^t-o.*  Imoter- thick  aluminum  honeycomb 

thick  unidirectional  gtaphite-flber/enoxv  . Sample  9 had  0.04- centime ter- 

centlmeter-thlck  ailing  “ 0-«‘- 

through  one  comer.  An  alumlnL  1 ® **  samples  had  a hole  drilled 

adhes.lve.  The  block  provided  a ^ ^ cemented  in  the  hole  with  conductive 

conoectlona  Provided  a point  for  mounting  and  for  making  electrical 


xAA.bAA-'c  a ampi.es 

The  thln-film  materials  tested  were 

ew;ui=i:iS'oi^Lr:ir'‘"  • 

(2)  Kapton  polylmlde  film  - type  g,  7.62  mlcrometera  thick  «.d  uncoated 

‘^ep“ 

on  a grounded  substrate.  tested  only  while  mounted 

leads  attached"for°measurlS  chSeiig^and^le!^*^^”  centimeters  with 

films  were  mounted  with  the  aluminized  aide  4^^^  current.  The  two  aluminized 
The  two  thinner  fill! « bTw.1„1n^%r«f‘ 

edges  and  taping  it  to  the  substrate^backf*^  ® around  the  substrate 


DllSCJSSION  OP  PESTS  ANt)  RESULTS 


Flexible-Substrate  Solar-Array  Samples 
g.ttc  eucet«.  beam  of  „uS 

part,  the  back  surfaces  were  e^^L  total  darkness,  m the  second 

total  darkness,  in  the  third  part  the  election  beams  while  In 

posed  to  a 20-keV  electron  beaS  and  SlLS^d  ®^ltaneously  ex- 

slty  of  the  Illumination  at  ^e  exoeJlSi?^!? J illumination,  ihe  Inten- 

th.  .ol.r  infoslt.  « , hi 

Ion  aouTce  waa  uaed^bSwera^teata  tr«scharaJ'ttl*’^”f‘  * ««®oua-nlttcgen 
electron  current  collected  by  the  sol2  celS  aS^Jhir^^??’ 
strate  were  monitored  separately  ThrsMolf'f^  S collected  by  the  sub- 
wlth  a noncontact,  f<eld-nulllnB*  electro* potential  was  monitored 
swept  across  the  surface  a ^ariM!"!5®‘i®  y°l'?®ter  whose  probe  could  be 
activity  was  monitored  with  a centimeter.  Discharge 

abouc  38  canotmetera1rS“  : ““““ 

2.  5 X SriV'^rif  TX  ^V°  ” '-“It^saa  of 

reaponae  of  the  aubacrate  front  Burf.oe°^d‘ti.'  **f*  aonducted  to  aurrep  the 
second  serlea  of  tdata  - rS“«  M t ‘“I":"!!  a°«r  sUdea.  the 

K,  «.d  20  kllovoltr!  we^Tof^cte^t  mlnutea  at  beam  voltages  of  2,  8.  12, 

fr;onS:iS“  s:r  b^ULpr 

s ^‘hS:  tSpLtn:.  »::•  i^“d%o“:bo«“‘‘ 

simulator  that  produced  .about  0 6 time*  ^®®  *>y  t\  solar 

plane.  Euriny  the  tb^rd  i/S  ® intensity  at  th«  sample 

the  fourth  1^'  hour  d was^agiln\nLlSSed  darkness,  and  during  . 

ature,  substrate  coiiectJon  ^Se^t  ^e??  !?;.  ^he  test  the  temper- 

face  potential  profarweri  ^corded  4 ‘'‘’“^^tion  current,  and  Lr- 

tions  of  the  test,  the  array^etofnt  ®d\  illuminated  por- 

voltf^ge  was  also  recorded  eLh  Srtuta.  current  and  open-circuit 

typlcI^^^:L^:"J"i::^^^^^  ill  fllf- 2 to  5.  Figure  2 shows 

pie  taken  while  the  surfacerwe^bSL  S®®^  surf  aces  of  thf  sam- 

and  <b)  are  equilibrium  profiles  of  i-hf  i"  darkness.  Figures  2(a) 

(low  energy)  and  20-keV  (hleh  pnafswa  k ^*^®”**  ****^i*ce  under  exposure  to  5-keV 
beam  ohar^i  th.  ‘--onergy 

solar-cell  cover  slide  The  hfet.  ..  ®i8®if  -cantly  higher  potential  than  the 

Kapton  border  to  comparable  potentials*^  Fleurei^J?*?  ®“** 

surface  in  a hl,h-energy  beam  early 
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opproximately  0.1«c6ntlniatdr*wlde  carb^n.^^ka*.  ak  j 

cfentlmeter  squares  of  Kapton  are  resolvable  al  Intetvetting  0.2- 

and  valleys,  flie  conductive  sttloa  on  Jbi  alternating  potential  peaks 

tial  peaks.  The  most  aignlflLjJ^^ob^rSJir^^  pSteti! 

areas  of  Kapton  o.i  the  bLk  aurfL!  k!  ^ 1®  *®t  the  small  ooen 

as  the  broad  open  Kapton  borders  on  th^f^ont^sSLc^**®^'^^  potential 

shows  the  equilibrium  electron  currents  L electron  beams.  Figure  4 

cell  circuits  in  2-  to  20-keV  election  beaiJ^*  conductive  substrate  add  solat- 
solar-cell  circuit  during  electron  current  collected  by  the 

Since  it  was  more  than  aS  trill  s 1®  not  shown 

during  front-surface  irradiation.  ^®®®  than  the  ourrent  collected 

FlgurS%7^°rw^1«  ’7*?'"  “ .0— rt.«»  lo  fig„.  5. 

Kapton  substrate  border.  Under  illu^iiatioi^ff**  n?  slides  and  the 

surface  potentials  are  reduced  by  an  order  of  J-6  Sun  Intensity,  the 

during  electron  irradiation  in  total  dartL  ^ »agnitude  from  the  Values  reached 
ductivity  of  Kapton  (ref.  10)  pjLre  **®®®“®®  the  photocon- 

tion  of  time.  The  thermocouple  to  temperature  as  a func- 

the  center  of  the  Substrate's  back  surfa^  te^erature  Was  located  in 

sbly  indicated  the  true  t^Crature  of  an ‘.k  ^5®  location  it  prob- 

first  1/2  hour  of  testing.  During  this  time  ® ®®“**^®  ®‘*^^*o®s  only  during  the 
the  sdmple  and  a steady  state  had  h^An  a k4  *-  were  no  thermal  Inputs  to 
record  of  the  dl.ch.r2  “ * <»^letl2 

counters  connected  to  the  loop  antenL  ! during  the  test.  The  three 

and  5 volts.  The  top  curve  shows  °P®rating  with  thresholds  of  1,  2. 

than  1 Volt  in  the  antenna.  The  bottcmi  pulses  greater 

pulses  greater  than  2 volts,  tto  dlaoharwar^fd.**^*”^®^**^®**®'®®®  ***®^  induced 
during  the  2-hour  test  of  sample  2 Oinoh  ®®**®*^®^1"K  5 volts  were  observed 
first  1/2  hour  when  the  '^®®  8>^®®"®®*^  the 

was  reduced  after  illuminatioh  of  the  sa-^ole^bi  discharge  rate 

1/2  hour  of  darkness.  The  discharge  tSt^duriM  fj;®*'®®®®<*^<*“>^i*g  the  second 
somewliat  leas  than  the  rate  during  «»® 

higher  sample  temperature.  period  possibly  because  of 

ure  6 Shows  typical  ^tShtiil’^pTOfiiSrSir  thira^^'T'  ® to  9.  pig- 

to  sample  2 except  for  the  addition  of  the  J®®**J®’  5®®Ple  3 was  Identical 
material  to  tha  back  surface.  The  cover-slide  and*r^*>  adhesive  chargS-control 

lar  to  that  for  sample  2 (fig.  2faii  'rttA  ^(®))  is  vary  slml* 

electron  beam  irradlatloii  ffl®  u for  hl^«energy  (20»keV) 

highly  charged  probably  because  of^the  additional*^**®  Kapton  border  became  less 
control  material.  The  most  dramatic  ®®ot-beatlng  adhesive  charge- 

profile  of  the  back  sur?::e  e^p^sL  to 

potential  Is  two  orders  of  magiiltude  less  then  ^®  ®®*i®um 

sdheaive-soot  material  (sample  2).  Figures*^?  oemple  without  the 

. functfoo  Of  t...  ^..cgV.'tofaL/r^o!;  c‘„%:e’5'r.Tte7‘;.‘.r 
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energy,  tad  the  curves  summarizing  the  2-hour  test  In  which  ^e  senile  was 
Illuminated  by  Simulated  solar  radiation. 

The  test  results  for  Sample  4 are  summarized  in  figures  10  tb  13.  Figure 
10(a)  shows  tae  potential  profile  of  the  front  surface  under  exposure  to  a low- 
energy  (5-keV)  electron  beam.  The  cover  slide  and  the  flberglasS-over-Kapton 
border  became  charged  to  approkiffiStely  the  same  potentials  as  the  cover  slides 
and  KSptott  borders  of  samples  2 and  3.  The  potential  profile  of  the  front  sur- 
face under  exposure  to  a high-energy  (20-kev)  electron  beam  is  shown  In  figure 
10(b).  Exposure  of  the  back  surface  to  a 20^keV  beam  produced  the  potential 
profile  shown  In  figure  lO(c).  kecall  that  the  back  surface  has  the  soOt- 
bearing  charge-control  material  applied  to  plnin  Kapton  without  any  woven 
carbon- fiber  material.  Comparison  with  figure  6(c)  shows  that  the  adheslve- 
soOt  material  alone  Is  nearly  as  effective  as  the  combined  woven- carbon- fiber 
and  adheslVe-soot  material  in  reducing  charge  accumulation.  Figures  11  to  13 
Show  surface  potential  as  a function  of  beam  energy^  Collected  electron  current 
as  a function  of  beam  energy,  and  the  curves  summarizing  the  2-hour  test  of  the 
sample  subjected  to  alternating  periods  of  darkness  and  simulated  p.olar  illumi- 
nation. 

The  test  results  for  sample  1 are  summarized  in  figures  14  to  17.  this 
sample  was  a better  simulation  of  a proposed  flight  array  in  that  the  exposed 
area  of  the  substrate  on  the  Sblar-cell  side  was  a small  fraction  of  the  total 
sample  area.  Figure  14(a)  shows  the  two  deep  potential  wells  due  to  Charge 
accumulation  on  the  narrow  Kapton  borders,  llie  potentials  reached  by  the  sur- 
faces in  the  loW'-energy  (5-keV)  electron  beam  were  much  the  same  as  the  levels 
reached  by  similar  surfaces  Oh  the  other  three  samples.  Hie  Voltage  probe 
crossed  four  solar-cell  cover  slidei;  as  it  traversed  the  sample,  and  evidence 
of  these  is  barely  discernible  in  figure  14(a).  Figure  14(b)  is  a typical  sur- 
face potential  profile  of  sanq>ie  1 in  a high-energy  (20-keV)  electron  beam. 

The  cover  slides  are  more  easily  seen.  The  potential  profile  of  the  back  sur- 
face in  a 20-keV  electron  bee's  is  shown  in  figure  14(c).  The  back  surface  of 
this  sample  looks  much  like  the  back  surface  of  sample  2,  except  that  the 
carbon- fiber  material  is  more  densely  woven,  domparing  figure  14(c)  with  fig- 
ure 2(c)  shows  that  the  closer  weave  eliminated  the  numerous  highly  charged  re- 
gions evident  on  the  back-surface  profile  Of  sample  2.  Although  an  Improvement 
over  the  behavior  of  sample  2 Was  realized,  the  closer  weave  was  not  as  effec- 
tive in  reducing  charge  accumulation  as  the  adhesive-soot  materiel  applied  to 
samples  3 tad  4 (figs.  6(c)  and  10(C)).  Figures  15  to  17  show  surface  poten- 
blai  as  a function  of  beam  energy,  sample  current  as  a function  of  beam  energy, 
and  the  curves  summarizing  the  2-hour  test  with  periods  of  solar  simulation. 

Sample  1 experltaced  significantly  more  discharge  activity  oh  the  front 
surface  than  did  the  other  three  samples.  This  may  be  due  to  the  larger  number 
of  solar  cells,  ^.ose  coVer  slides  could  become  charged  and  Independently  dis- 
charge to  the  solar-cell  Interconnections.  Comparing  figures  5(d),  9(d), 
i5(d),  and  17(d)  shows  that  illumination  of  the  front  surface  significantly  re- 
duced or  eliminated  discharge  activity  on  all  sauries,  possibly  because  of  the 
photoconductivity  of  Kapton  (ref.  10).  The  data  Indicate  that  the  densely 
woven  carbon-fiber  fabric  alone  or  the  less-dense  carbon-fiber  fabric  with  the 


adheslve>s60t  naterial  added  were  roost  effective  in  j>reventlng  discharge  activ- 
ity IVhen  the  back  surface  was  Irradiated  in  darktiess. 


Graphite-Fiber/Epoxy  - Alumiiluro  Honeycoinb  Sadiples 

The  five  honeycoft^-pahel  samples  were  tested  to  determine,  In  each  case, 
the  degree  to  which  the  surfaces  of  interest  became  charged  in  monoenergetlc 
electron  beams  of  2 to  20  keV. 

The  Navstar  saaiple  <5)  was  mounted  with  its  back  surface  against  a 27.3- 
centlmeter-by-29.3-centlmeter  aluminum  plate  to  which  a lead  was  attached  to 
measure  electron  current  to  the  sample.  Typical  surface  potential  prcflles 
are  shown  In  figure  18(a).  The  ragged  profile  is  probably  a result  of  varia- 
tion in  the  concentration  of  epOxy  and  graphite  fitars  at  the  surface.  Note 
the  prominent  potential  spike  at  the  discontinuity  in  the  graphite- fiber  sheet. 
The  general  surface  potential  across  the  sample  is  shown  in  figure  l8(b)  as  a 
function  Of  beam  energy.  For  energies  greater  than  5 keV,  the  potential  in- 
creases only  slightly  if  at  all.  The  nominal  current  density  at  the  center  of 
the  sample  was  1 nA/cm^  before  each  test,  as  read  by  the  Faraday  cup.  The  Sam- 
ple current  recorded  for  each  test  was  nearly  1 microai^iere,  indicating  an 
average  flux  over  the  893-square-centimeter  sample  of  about  1 nA/Cm^.  No  dis- 
charges were  recorded  by  the  loop  antenna  located  near  the  sample  or  by  the 
time-exposure  camera. 

The  Voyager  antenna  sanq[>les  (6  and  7)  were  exposed  to  electron  beams  of 
2 to  20  keV  and  flux  densities  of  1 and  3 nA/cm^.  The  dependence  of  the  sur- 
face potential  on  beam  energy  and  flux  density  is  shown  in  figures  19(a)  and 
(b) . The  dependence  on  beam  energy  disappears  or  is  much  reduced  above  10  keV 
for  both  samples.  The  surface  potential  of  the  conductive-paint  sample  is 
about  two  orders  of  magnitude  lower  than  that  of  the  nonconductlve-palnt  sample 
for  the  same  beam  conditions.  Data  from  earlier  tests  of  another  nonconductive 
paint  (8-13GLO)  is  shown  in  figure  19(c)  for  comparison. 

The  sample  8 and  9 honeycoinb-panel  surfaces  were  also  exposed  tO  2-  to 
20-keV  electron  beams  of  1-  to  3-nA/cm^  flux  density.  The  samples  were  tested 
simultaneously,  side  by  side.  The  tests  were  conducted  with  the  samples  at 
-40  C to  better  simulate  the  environment  of  the  materials  in  use  on  Intelsat  V. 
Typical  surface  potential  profiles  are  shown  in  figure  20(a).  The  results  of 
these  tests,  including  the  Navstar  test  data  for  comparison,  are  shown  in  fig- 
ure 20(b).  The  ragged  appearance  of  sample  8*s  profiles  is  similar  to  the 
Navstar  profiles  and  is  probably  due  to  the  varying  epoxy  concentration  across 
the  surface.  Semple  9*s  profiles  appear  more  uniform,  with  two  prominent  po- 
tential spikes  at  the  locations  of  significant  epoxy  bleed  through  the  Carbon 
fibers.  Though  the  loop  antenna  did  not  record  any  discharge  activity,  the 
sample  current  record  and  the  time-exposure  photographs  show  evidence  of  activ- 
ity on  sample  8. 

The  sample  current  records  (fig.  21(a))  were  quite  noisy.  The  pulses  on 
sample  9's  current  record  may  have  been  a response  to  what  was  happening  on  the 
other  sample.  The  time-exposure  photographs  (fig.  22)  show  a faint  glow  out- 
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lining  the  graphite-fiber  pattern  of  ecimple  8 but  show  no  evidence  of  dia- 
charges- from  sample  9.  Alao»  the  surface  potential  of  sample  8 appeared  dif- 
ferent with  each  sweep  of  the  probe  (fig.  21(b)),  but  sample  9's  profile  ap- 
peared nearly  constant. 


thln-Film  Sanq>les 

The  first  test  specimen  of  Mylar  was  about  28  centimeters  Square  and  was 
Isolated  from  ground,  with  the  bare  surface  facing  the  electron  source.  An 
electron  beam  of  nominally  1 nA/cm^,  at  Its  center.  In  the  plane  of  the  speci- 
men was  Stepped  through  various  energies  from  2%  to  20  keV.  the  potential  of 
the  itylar  surface  was  monitored  by  the  electrostatic  Voltmeter. 

The  respOiise  of  surface  potential  of  the  t^lar  film  to  the  varying  beam 
energy  Is  shown  In  figure  23.  With  the  specimen  Isolated  £t<m  ground  and  In 
total  darkness,  thus  eliminating  bulk  conduction  and  pbotoemlsslon  currents, 
the  equilibrium  surface  potential  was  a function  of  beam  energy  and  the  mate- 
rial secondary  enlSSlon  properties.  Although  no  temperature-measuring  devices 
were  mounted  on  the  specimen.  It  was  estimated  that  the  specimen  was  at  lO^  C, 
as  were  other  structures  within  the  chamber. 

‘ilie  surface  potential  response  of  the  7 .82 -micrometer- thick  Rapton  film 
to  varying  beam  energy,  with  the  specimen  totally  isolated  from  ground.  Is 
shown  in  figure  24.  tn  this  configuration,  the  surface  potential  is  about  the 
aame  aS  that  of  the  %lar  film  mounted  similarly  and  eSpoSed  to  the  same-energy 
electron  beam.  The  surface  potentials  are  compared  In  figure  25  as  a function 
of  beam  energy  for  both  materials  in  the  totally  Isolated  and  grounded  sub- 
strate Diountlng  configurations.  Hie  test  data  and  calculated  values  of  resis- 
tance and  resistivity  are  contained  In  table  II. 

The  data  from  the  testing  of  the  127-mlcrometer-thlck  Kapton  film  show 
that  the  surface  potential  Increased  linearly  with  beam  energy  to  about  12  keV. 
Beyond  this  level,  discharges  began  to  take  place  on  the  Surface.  The  data 
taken  were  not  sufficient  to  tell  idiether  the  discharges  were  characterized  by 
charge  transport  from  the  front  surface  to  the  back  surface  at  the  edges  or  by 
charge  emission  from  the  surface  to  other  structures  within  the  chamber. 


GONCIUSIONS 


Four  flexible-substrate  solar-array  Segments,  five  graphite-fiber/ epoxy  - 
aluminum  honeycomb  panels,  and  two  thin  dielectric  films  were  exposed  to  monO- 
energetlC  electron  beams  in  the  Lewis  Research  Center's  geomagnetic- substorm- 
environment  simulation  facility.  The  array  segments  represented  different  ap- 
proaches to  making  the  dielectric  back  surface  "qiiasl-conduCtlve"  and  thus 
minimizing  surface  charge  accumrilatlon.  The  tests  showed,  as  expected,  that 
the  more  nearly  continuous  the  quasl-conductlve  surface  treatment,  the  lower 
the  surface  potential.  The  tests  of  the  honeycomb-panel  samples  are  evidence 
that  strong,  lightweight,  nonmetalllc  structural  materials  are  available  that 


465 


have  acceptable  apacecraft-charglng  properties.  If  the  eurfacee  have  a suffi- 
ciently high  and  uniform  concenttation  of  conductive  medium  with  a conductive 
path  to  ground,  surface  potentiala  well  below  those  at  which  discfharges  occur 
can  be  maintained,  finally,  thin  dielectric  films  chatge  to  hi^  surface  po- 
^®*^bials  when  they  are  isClated  from  ground.  However,  when  the  films  are 
placed  over  a conductive  substrate  at  ground  potential,  surface  potentials  of 
lass  than  2%  kilovolts  can  be  maintained  even  when  the  filais  are  irradiated 
with  20-keV  electrons. 
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tABlE  1.  - SAMPLE  SUBSTRATE  CHARACTERISTICS 


Sample 

Materials^ 

Element 

Substrate 

without 

anticharglng 

PimenslonSi 

non 

Anticharglng 
represented  by- 

Resistance 
between 
conductive 
edge-stripe  ^ 
k.i 

Dcnolty,  g/m^ 

1 

KapCdn  (12.5  am) 

19 

155 

100  X uo 

CFC** 

0.0036 

ct(* 

be 

C?  209  plus 

66 

hardener  HT  972 

2 

Kapton  (12.5  urn) 

19 

95 

100  X llO 

cfc'* 

0.0039 

CFC'» 

45 

DuPont  46971  plus 

31 

hardener  RC  SOS 

3 

Kapton  (12.5  gm) 

19 

104 

o 

X 

o 

o 

CFC,”  DuPont  46971, 

0.0020 

CFC^ 

45 

hardener,  and  soot 

DuPont  46971  plus 

40 

hardener  RC  805 

4 

Kapton  (12.5  urn) 

19 

39 

100  X no. 

DuPont  46971, 

5,297 

Fiberglass  90001 

27 

hardener,  and  soot 

DuPoAt  46971  plus 

13 

hardener  RC  803 

®All  the  samples  had  two  strips  of  silver- filled  polyester  bonded  to  the  back  surface  so  that 
the  back  surface  could  be  grounded. 

^Carbon-fiber  coittposlte. 


TABLE  II.  - TEST  DATA  AND  CALCULATED  RESISTANCE  P(5R  THIN  PLASTIC  FtUfi 


Sample 

Beam 

energy, 

keV 

Surface 

potential, 

kV 

Beam  voltage 
minus  surface 
voltage, 
kV 

Sample 

current, 

(iA 

Sample 
current 
divided 
by  area, 
nA/cm2 

Effective 

bulk 

resistance, 

n 

Effective 

bulk 

resistivity, 

i'.-cm 

12 7 -urn- thick 

2.5 

U64 

0.86 

O.Oll 

0.032 

0.149x10^2 

0.409x10*® 

Kapton 

5 

4.15 

.85 

.005 

.014 

.83x10^2 

2.277X10*® 

8 

7 

1 

.006 

.017 

1.167x10^2 

3.201x10*® 

10 

9.0 

1 

.005 

.OIS 

1.8x10^2 

4.938x10^^ 

12 

10. d 

1.2 

.007 

.020 

1.543x10^2 

4.232x10*® 

®15 

12.8 

2.2 

.008 

.023 

1.6x10^2 

4.389x10*® 

“18 

12.6 

5.2 

.012 

.035 

1.067x10^2 

2.927x10*® 

“20 

U.O 

7 

.013 

.037 

lx  10^2 

2.743x10*® 

7 .62-iim-  thick 

2.5 

1.63 

0.87 

0.028 

0.08 

5.82X10‘® 

2.662x10*® 

Kapton 

5 

2.12 

2.88 

.229 

.657 

.926x10*® 

.423x10*® 

8 

2.10 

5.90 

.278 

,798 

.755x10*® 

.345x10*® 

10 

1.96 

8.04 

.298 

.823 

.658x10*® 

.300x10*® 

15 

1.20 

13.8 

.579 

1.66 

.207x10*® 

.094x10*® 

20 

.50 

19.5 

.340 

.978 

.147X10*® 

.067x10*® 

2 . 54-.im- thick 

2.5 

l.l 

1.4 

0.09 

0.259 

1.222x10*® 

1.676x10*® 

My  1 a r 

5 

.925 

4.075 

.191 

.348 

.484x10*® 

.664x10*® 

10 

.32 

9.68 

.322 

.924 

.099x10*® 

.136x10*® 

20 

.039 

19.961 

.380 

l.ll 

.01x10*® 

.014x10*® 

‘\siirfdce  discharges  occur;  surlaco  potential  not  truly  In  equilibrium;  all  samples 
17.04  cm  by  20,^2  cm. 
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(d)  CufflulatU 
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fl9ure  5,  - Kesull,  of  solar  simulation  test  of  sairwla  2, 
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ibl  Surface  patentiat  of  ffberglass-on-l 

cells  as  function  of  time. 


9roun<t  solar 


i — ' 

I I I I 

(Cl  8ack-surbce  (emperalure  as  function  of  lima. 

Thresl)oi(t  V 


0 10  ^ VI  40  « 

TesMtme,  min 

idl  Cumulative  discharge  count  as  function  ol  time. 
Figure  J j.  - Results  of  solar  simulation  lest  of  sample  i 
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ia-ll5-KHovoltbeam. 


(a*2>  8*KllovoU  beam. 


w-3)  14’KjlovDltbearft. 


>«beam.  «-4)20-Kliowltbeam. 

(a)  typica!  surface  potential  profiles. 


Beam  voltage.  kV 

(b)  Equilibrium  surface  pdt^ntials  in  l-nAfcfb^- 
current*density  electron  beam. 

Figure  18.  - Results  of  Navstar  solar-array  substrate  (sample  5)  charging  test 
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lal  Voyager  antenna  honey 
comb  panel  with  GSFC 
NS4X  conductive  paint 
(sample  61. 


mna  honey-  Ibl  Voyager  antenna  honey-  (clNoncdnductlve  paint 

GSFC  comb  panel  with  PVlOO  (S-13GIOI  on  ground- 

;live  paint  nonconductive  paint  ed  metal  substrate  hr 

(sample  71,  comparison. 

Figure  19.  - Results  of  Voyager  antenna  honeycomb-panel  charging  test 
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(c)  Control  time-ei<pft$ure  filament  on,  accelerating  potential  off. 
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(d)  Surface  voltage  probe  sweeping  acrms  top  of  saiiipte  & 


Figure  22,  - Time-exposure  photographs  ot  honeycomb  panels  (samples  8 and  9). 

I Beam  accelerating  potential 
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Test  time,  mm 

Figure  23.  - Response  of  2.54-mlcrometer-thlcX  Mylar  surface  po 
tential  to  varying  electron  beam  energy.  (Mylar  Isolated  from 
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AREA  SCALING  INVESTIGATIONS  OF  CHARGING  PHENOMENA 

Paul  R.  Atom  aftd  John  V.  S&askus 
NASA  Lewis  Research  Center 


SUMMARY 


The ‘charging  and  discharging  behavior  of  square,  planar  samples  of  sil- 
vered, fluorinated  ethylene-propylene  (FEP)  Teflon  thermal  control  tape  was 
measured.  The  equilibriiim  voltage  profiles  scaled  with  the  Width  of  the  sam- 
ple. A wide  range  of  discharge  pulse  characteristics  was  observed,  and  the 
area  dependences  of  the  peak  current,  charge,  and  pulse  widths  are  described. 
The  observed  scaling  of  the  peak  currents  with  area  was  Weaker  than  that  pre- 
viously reported.  The  discharge  parameters  were  observed  to  depend  strongly  on 
the  grounding  impedance  and  the  beam  voltage.  Preliminary  results  suggest  that 
measuring  only  the  return-current-pulse  characteristics  is  not  edequate  to  de- 
scribe the  spacecraft  discharging  behavior  of  this  material.  The  seams  between 
strips  of  tape  appear  to  play  a fundamental  role  in  determining  the  discharging 
behavior.  An  approximate  propagation  velocity  for  the  charge  cleanoff  was  ex- 
tracted from  the  data.  The  samples  - 232,  1265,  and  5058  square  centimeters  in 
area  - were  exposed  at  ambient  temperature  to  a 1-  to  2-nA/cm^  electron  beam  at 
energies  of  10,  15,  and  20  kilovolts  in  a 19-meter- long  by  4.6-meter-diameter 
simulation  facility  at  the  Lewis  Research  Center. 


INTRODUCTION 


It  has  been  clear  from  the  beginning  of  the  spacecraft  charging  investiga- 
tion that  an  understanding  of  the  geometric  scaling  laws  that  describe  charging 
phenomena  is  of  fundamental  importance.  Larger  systems  are  being  built,  and 
even  larger  ones  are  being  seriously  proposed  for  future  missions.  Horse-case 
calculations  and  extrapolations  from  existing  data  have  a limited  reliability 
and  utility.  Therefore,  experimental  studies  must  be  undertaken  with  larger 
areas  of  engineering  material  than  previously  tested.  There  is  also  an  inade- 
quate theoretical  understanding  of  the  discharge  process.  An  experimental 
study  of  the  variation  with  area  of  the  parameters  that  describe  the  discharge 
process  should  provide  important  dues  to  guide  the  mathematical  modeling  ef- 
fort. ‘ Some  significant  experimental  measurements  of  area  effects  have  been 
reported  in  the  literature  (refs.  1 and  2).  Balmain  (ref.  1)  has  systemati* 
cally  investigated  area  effects  in  a variety  of  spacecraft  materials.  His 
work  was  confined  to  areas  of  less  than  100  square  centimeters,,  but  it  did 
give  the  first  clear  experimental  observation  of  the  scaling  of  discharge 
pulse  characteristics  with  area.  Bogus  (ref.  2)  has  also  reported  measure- 
ments of  area  scaling  for  large  samples  (3800  cm?);  however,  his  work  has  been 
confined  to  solar  arrays. 
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an  effort  has  begun  to  study  systematlcsUy  the  area  and  aeome- 
try  depa^ence  of  the  charging  and  discharging  pafattetera  for  a variety  of  ^ 
spacecraft  materials.  Because  of  previous  experience  with  silVered-Teflort 
thermal  control  ^pe,  It  was  chosen  as  the  first  material  to  be  tested  In  this 

alnwlatlon  facility  has  made  It 

possible  to  study  Teflon  samples  that  are  more  than  an  order  of  magnitude 
larger  than  those  previously  reported. 


MATERIALS,  APPARATUS,  AMD  PBOCBDURE 


Materials 

consisted  of  strips  of  5*centlmeter-wlde,  silvered,  fluorl- 

‘»P®-  'th®  t®Pe  i«  a com- 
posite that  consists  of  a 0.0ll-c6ntimetet-thlok  sheet  of  Teflon  with,  first 

® V^or-deposlted  silver  and,  second,  a layer  of  Vapor-deposlted  In- 

iJvei  y®'®  followed  by  a third,  a 0.03-mllllmeter- thick 

of  conductive  adhesive.  The  adhesive  Was  two  parts  GE  8RS25  silicone 
wbb®r  mixed  with  one  part  silver  powder  (by  weight).  The  tape  was  applied  to 

s<iuare  aluminum  plate  in  strips  extending  the 

the  back  of  the  plate  were  not  covered.  However,  no  part  of  the  bate  plate  was 

aS°WM  ‘’®®®-  t«P®  applied  with  flnger^ressure 

and  was  tested  In  vacuum  to  have  a resistance  from  the  sliver  layer  to  tlie 

approximately  60  ohms  for  a 1-squSre-centlmeter  area.  Three  sample 

metw^^^*  prepared  - with  areas  »o£  232,  1265,  and  5056  square  centl- 


Apparatus 

Plgure  1 shws  the  Interior  of  the  vacuum  tank  and  the  experimental  ar- 
rang^ent.  The  1265-8quate-centlmeter  sample  is  shown  In  place.  It  Is  fixed 
to  the  sample  carriage,  a vertical  bar  that  can  be  moved  remotely  up  to  1.1  me- 

is^^a  *^®  ^®"*^  ®*^®‘  ***®  ®*»®  sample 

bie  f?®*®  ®?  ®?I?  ‘=*'®  ®®*P^®  ®“®»  therefore,  not  vlsl- 

®i®..v  '®®  ^s  a 10-square-centimeter  Faraday  cup.  Below  and  to  the  left 

of  the  ample  Is  the  arm  on  which  are  fixed  the  heads  of  two  TREK  laodel  340  IIV 
electro®tatlc  voltmeters.  The  spacing  between  the  heads  IS  adjustable  and  they 
are  swept  in  a vertical  arc  across  the  sample  surface.  The  probes  were  typi- 
cally spaced  2 millimeters  from  the  sample.  ^ 

#4  ®®“^i?  assembly  was  grounded  In  one  of  two  ways.  In  the  first  con- 

Is  referred  to  as  the  50-ohm  configuration,  the  aluminum 
'^A®  *=he  carriage  and  the  tank  structure.  A 50-ohm  coaxial 

tank  wSr*^!lh  j®®  ^®  sample  out  through  the 

'"®!  grounded  at  the  tank  wall.  The  center  conductor 
passed  through  the  core  of  a Pearson  model  UO  current  transformer.  The  lead 
was  then  brought  to  a switch  that  could  ground  It  through  a 50-ohm  resistor  or 


ure  2 as  a solid “^In"the^seconrcon^  1“  Hg- 

b‘*  low- impedance  configuration,  the  inaulator^hJ?”’  referred  to  os 

- x.e.  . 

“ »l«>  rlGe  times  greater  then 

model  7834  storage  oscilloscooe  an<i  o '^ss  monitored  with  both  a Tectronix 
IJe  waveform  recorder  ».,  „.ed  In  foj  ®“®  waveform  recorder, 

the  output  voltage  of  the  Pearson  *=^ls  mode  U;  stores 

lected  interval  (usually  20  uHo  SL  m®'  ?®  ® time  over  a s e- 

time  interval  before  the  trlS«roS^‘  *1?^  Interval  includes  a selectable 

transient  phenomenon  as  it  eliminates  the*rue^Ji  Particularly  useful  for 
the  trigger  point.  The  signal  was  nlaved  b about  vrfxat  happened  before 

«^lt  and  Its  time  lntegr!l  we™r^Jrd‘-:fa‘rLr“r^trJp.‘S“^^^ 

recorded  along  with  tte'varloS'electrom^^*'^*  ^wesrals  were 

on  a multichannel  atrip-chart  reorder  onrrenta,  poaltlon  readouta,  etc., 
generated  by  two  Wa  electro^  g™  ««  d “ 2 uA/cm^)  w«’ 

one  another,  on  either  aide  of  the  tank  ^ mounted  next  to 

mp  e plane.  The  current  distribution  In  10  meters  from  the 

of  current  collection  disks,  foe  flux  varlS^«o*“''  measured  by  an  array 
pie  area,  foe  electron  trajectorlerwjf  .?  ,^?. “>o  largest  sam- 
magnetlc  field  since  the  mlir«eel  fo  S offected  by  the  Earth's 

Ooced  the  field  by  about  a factorof^O  <=o"k  ro- 

ar was  iSed'^J  Se’‘smple'mnewed  ”^‘°*«’"o“0)'  transient- event  count- 
amplitude.  Also  located  near  the  RAmnism  j ®oc“t  discharges  and  sort  them  bv 
right  comer  was  a gasLus^nUmgeniaLr*^  ^ ir^he^upper^ 

the  surface  charge  on  the  sample  ® to  neutralSe 

**““^®‘*  ^y*'20^1ijuid4ltmgen-^^^  and  4.6  me- 

fusion  pumps,  it  was  onmfim,.d.«i.i*™®®”  “®tfled  91-centlmeter-dlameter 

rtln^-Y„“;‘2“/^7*“  t^t  «“L:Tnlw  “^»»*‘"-‘0ly  2.7xfo-“ 
1.3x10  9 N/m2  (lo  7 ^orr).  no-load  pressure  of  approximately 


15- , and  20-kilovolt  beaS^^The  ImLdded^ch  ®*Poaed  sequentially  to  10- 
m«  source  between  exposures,  ^e  samp?.  wS’^radHtT'^*"'!'*  ‘•'e  plaj. 

short  time  (15  to  60  sec),  and  the  surfLr  f”“*‘^“ted  at  each  voltage  for  a 

foe  ontire  sample  area  at  foe  end  of  each  Intervl?  measured  over 

foe  three  samples  were  charged  to  equilibrium  (1?.;  3?  wl^h  f*P“""re 

' ©•  with  the  sample  ground 
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complelied  ctirough  the  electtometer  (fig.  2).  At  15*  and  20-kllovolt  exposutes 
the  samples  did  not  charge  to  equilibrium  but  began  eidilbltlng  breakdowns  when 
the  maximum  surface  voltage  was  as  low  as  d.5  kilovolts.  With  the  ground 
switched  from  the  electrometer  to  the  50-ohm  termination,  the  return-current 
pulses  were  recorded  until  a representative  group  had  been  assembled.  A6  the 
last  procedure  In  the  run,  the  electron  beam  was  turned  off  Just  before  the 
next  predicted  breakdown  and  the  surface  voltage  profiles  were  measured.  The 
beam  was  then  turned  back  on  until  the  next  discharge  and  then  Ismedlately 
turned  off  and  the  Surface  resurveyed.  ^ese  data  give  the  total  charge  on 
the  surface  before  and  after  a discharge. 

After  this  sequence  of  measurements  was  made  for  the  three  samples,  they 
were  remounted  in  the  low- Impedance  configuration,  and  their  discharge  behavior 
was  remeasured  at  both  IS-  and  2G-kllovolt  electron  fluxes. 


KESULTS 


Charging 

Figure  3 is  a typical  time  history  of  the  charge  buildup  on  a 232-square- 
centlmeter  sample  ^n  a 10-kilovolt  electron  beam.  The  voltage  profiles  were 
taken  with  the  probes  passing  across  approximately  the.  middle  of  the  sample. 

The  Individual  strips  of  tape  are  revealed  by  the  sharp  dips  on  the  surface 
voltage  at  the  seams,  where  the  tape  strips  are  butted. 

During  the  initial  stages  of  charging,  the  distribution  of  charge  On  the 
surface  should  mirror  the  actual  flux  .distribution  (assuming,  of  course,  that 
the  surface  properties  are  uniform  over  the  sample).  The  observed  variation 
of  the  surface  voltage  with  the  position  of  the  232-  and  1265-square-centimeter 
samples  is  consistent  with  the  measured  130  percent  variation  of  the  beam  flux 
over  the  sample  plane.  The  largest  sample  (5058  cm^)  shows  a somewhat  wider 
variation,  the  origin  of  which  is  undetermined.  All  three  samples  at  equilib- 
rium exhibit  a uniform  profile  except  for  the  gaps  and  a characteristic  falloff 
at  the  edges. 

The  equilibrium  voltages  at  the  center  were  8.0,  7.2,  and  7.6  kilovolts 
for  the  232-,  1265- , and  5058-square-centimeter  samples,  respectively.  The 
voltage  profiles  at  equilibrium,  in  all  three  cases,  do  not  exhibit  complete 
bilateral  symmetry.  All  are  skewed  in  the  same  way,  suggesting  a lack  of  sym- 
metry in  the  experimental  arrangement  as  the  cause. 

Figure  4 shows  the  normalized  voltage  profiles,  where  the  distance  x is 
scaled  by  the  half-width  w of  the  sample  and  the  voltage  V by  the  maximum 
voltage  Vm*  In  these  reduced  coordinates  the  three  samples  are,  to  first  or- 
der, Identical  if  the  seams  are  Ignored  This  observed  scaling  with  sample 
width  is  inconsistent  with  the  model  proposed  by  Farks  and  Mandell  (September 
1976  Monthly  Progress  Report  on  NASA  Contract  NAS3-20119,  Systems,  Science,  and 
Software)  and  used  by  Stevens,  et  al.  (ref.  4)  to  fit  their  edge-gradient  data. 
Their  model  considers  surface  and  bulk  resistance  along  with  a one-dimensional 
current-balance  description  (ref.  5)  to  predict  the  edge  profiles.  The  In- 
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ability  of  the  Parks-Maadell  model  to  predict  something  as  fundamental  as  the 
indicates  that  the  dominant  physical  mechanism  that  controls 
the  edge  profile  has  not  been  Incorporated.  Multidimensional  effects  are  the 

thJ  patticular,  the  spreading  of  the  beam  due  to 

the  finite  width  of  the  sample  should  be  considered.  The  deflection  of  the  i»»- 
coming  particles  will  certainly  be  greater  for  larger  samples. 


Discharging 


A phenomenon  in  these  samples  were  studied  at  beam  voltages  of  15 

and  20  kilovolts.  Discharging  seemed  to  begin  when  the  maximum  sample  voltage 
was  as  low  as  8.5  kilovolts.  These  early  discharges  were  characterized  by 
their  small  size  relative  to  the  more  typical  breakdowns.  Figure  5 is  a time 
breakdown  behavior  of  the  232-square-centimeter  sample,  which  is 
tj^ical.  The  voltage  profiles  were  taken  acres  approximately  the  center  of 
the  sample  and  transverse  to  the  tape  direction. 

f*"®  apparent  in  figure  5(a)  as  two  Small  dips.  The  probe  sweeps 
thr^of^i  calibrati^  bar  at  the  end  of  its  travel.  Figure  5(a)  shows 

the  profile  after  2^  seconds  of  charging  with  a 15-kilovolt  electron  beam. 

®®“®  profile  Just  after  the  first  breakdown  and  270  sec- 
onds after  the  start  of  charging.  The  breakdown  is  evident  as  a charge- 
depleted  region  around  the  left  tape  seam.  The  extent  of  this  charge-depleted 
region  along  the  seam  direction  is  shown  in  figure  6.  The  only  two  sweeps  that 
show  depletion  are  figures  6(c)  and  (d).  demonstrating  that  the  length  of  the 
depleted  region  is  no  more  than  768  centimeters  long  and  is  away  from  the  ends 
of  the  sample.  Figure  5(c)  shows  the  profile  after  further  charging;  no  break- 
do^  were  observed  on  the  arc  counter  or  the  current  monitors.  The  overall 

.r  charge-depleted  region  is 

filling  in.  Figure  5(d)  shows  the  profile  taken  after  370  seconds  of  charging 

second  observed  breakdown.  This  profile,  when  com- 
pared with  figure  5(c),  indicates  that  both  seams  broke  down.  Figure  5(e) 
shows  the  same  profile  after  600  Seconds  of  charging  and  before  the  next  break- 

fWe  ^®  that  breakdown  are  shown  in 

the  maximum  surface  voltage  increased  over 
almost  total  charge  cleanoff.  resulted.  Almost 
total  charge  cleanoff  is  typical  of  the  behavior  of  this  size  sample  for  most 
Of  the  subsequent  breakdowns. 

Qualitatively,  the  preceding  sequence  of  events  is  analogous  to  the  be- 
havior seen  commonly  on  high-voltage  insulators  when  they  are  initially  brought 

before  breakdown  have  the 

largest  voltage  gradients  (electric  fields)  break  down  initially  at  low  volt- 
aps  and,  by  depleting  the  charge  near  them,  reduce  the  locally  high  electric 

away  from  the  gaps  can  then  charge  to  even  higher  voltage 
until  the  next  most  sensitive  high*electrlc*fleld-region  breaks  down.  This 
allows  the  sample  voltage  to  go  even  higher.  This  process  continues  until 
there  are  many  sites  similarly  sensitive  and  quasi-repetitive  behavior  sets  in. 

..  ^ ‘he  more  typical  return-current  pulses  I 

resulting  from  the  discharge  of  the  232-square-centimeter  sample.  Figures  7(a) 
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and  (b)  show  data  taken  with  the  50-ohm  grounding  configuration  at  15  and  20  kilo- 

^^6ure  7(c)  shows  a typical  pulse  with  the  low-impedance 
J*"®  ^e'^tical  gain  is  a factor  of  2 smaller  than^i^  fig- 
ures 7 (a)  and  (b) . A most  distinctive  characteristic  of  this  sample  when  tested  in 
the  low-impedance  configuration  is  the  appearance  of  a positTve 
is  there  is  an  initial  downward  spike  that  represents  I poslUvrcu^enriei^ 

erLter  retum-current-pulse  data  shown,  a signal 

® current  of  negative  charge  leaving  the  surface 
(ref.  6).  Only  this  sample,  in  this  configuration,  exhibited  a positive  pre- 
cursor and  it  always  did.  However,  the  net  charge  leaving  the  8ur?acrwar!l- 

This  positive  precurser  may  be  related 

i by  Yadlowsky  (ref.  7).  He  observed  both 

positive  and  negative  charge  bursts  with  different  time  evolutions  in  break- 

do^s  in  bulk  Teflon.  This  would  suggest  that  such  currents  of  both  positive 
nd  negative  particles  are  contributing  to  give  the  result  reported  here. 

® ®°"*®  typical  return-current  pulses  from  the  126S-square- 

sample.  Tliey  have  been  chosen  to  demonstrate  the  range  of  sizes  and 
^nd  S.  nonrepeatability  of  the  shape,  the  wide  variety  of  sizes, 

and  the  general  lumpy  quality  of  the  pulses  suggests  that  they  are  composites 
of  many  small  breakdowns.  The  low- impedance  pulses  (figs.  8(c),  (d),  Ld  (e)) 
though  similar  in  overall  shape,  have  higher  frequency  noise  componLts  thL^^’ 
the  50-ohm  pulses.  Figure  9 shows  some  pulses  from  the  5058- square- centime ter 
sample.  The  same  comments  concerning  the  variability  of  size  and  shape  that 
were  made  about  the  1265-square-centimeter  sample  arc  appropriate  herL 

Por  the  purpose  of  discussing  area  effects  the  individual  re turn- current 
pulses  are  described  by  tliree  parameters:  the  maximum  current  I,  the  total 

time  At,  where  At  is  defined  as  the  width  of  the  pulse 
t 1/2.  Except  vor  tlie  first  few  discharges  that  were  described  earlier 
there  was  "o  evident  systematic  dependence  of  these  parameters  on  the  discharge 
s ory.  A distribution  function  for  these  parameters  was  constructed  by 
choosing  a narrow  interval  of  the  variable  and  plotting  the  fractional  number 
point^"^*  occurring  in  the  interval.  A smooth  curve  was  then  drawn  through  the 

Figure  10  is  an  example  of  such  a distribution  function  for  the  peak  value 
ir  on  J??  return-current  pulses  observed  with  tl>e  1265-square-centimeter  sample 
at  20  kilovolts  with  the  low- impedance  grounding  configuration.  The  horlzonLl 
bar  indicates  the  current  interval.  ••otj.^onuai 

These  distributions  were  characterized  by  three  parameters;  the  largest 
value  of  the  parameter  observed,  denoted  by  the  subscript  M:  the  value  of  the 
parameter  at  the  peak  of  the  distribution  function,  which  can  be  thought  of  as 
the  most  Probable  value,  denoted  by  the  subscript  MP;  and,  finally,  the  width 
A of  the  distribution  function  at  1/2  the  MP  value.  Table  I contains  the 
reduced  data  arranpd  by  area,  beam  voltage,  and  grounding  configuration.  The 

f ^ ^ discharge  pulses  recorded  and 

in  i grounding  configurations.  The  small  number  of  pulses  studied 

in  the  low- impedance,  15-kllovolt,  232-8quare-centlmoter  case  resulted  from  a 
reluctance  of  the  sample  to  break  down  under  these  conditions. 
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Figure  11  shows  the  data  for  the  maximum  current  observed  as  a func- 
tion of  area  for  the  two  grounding  configurations  and  b^m  voltages.  It  was 
expected  that  the  area  dependence  of  this  current  would  be  of  Interest  because 
It  is  a wotst-case  parameter.  Where  It  seemed  appropriate,  a leSst-Squa'res  fit 
was  drawn  through  the  three  points.  The  20-kllovolt,  50-ohm  data  fit  Sn  % - 
14.3  (A)0*25  line,  where  A denotes  area.  The  low- Impedance  data  at  either 
beam  Voltage  does  not  lend  Itself  to  a slngle-tertt  power-law  description,  and 
straight  lines  are  used  to  connect  the  points.  The  area  scaling  eidilbited  by 
the  20-kllovolt,  50-ohm  data  is  Weaker  than  the  (A)<^*575  Reported  by  fialmaln 
(ref.  1)  for  smaller  samples.  It  is  difficult,  however,  to  compare  his  Work 
directly  with  that  repotted  here  since  his  grounding  was  different,  his  statis- 
tical treatment  of  the  data  was  not  the  same,  and  his  current  density  was  three 
orders  of  magnitude  larger.  However,  his  data  do  extrapolate  in  close  agree- 
ment with  the  lov- Impedance,  20*kllovolt,  232-8<iuare-centlmeter  point. 

TWo  qualitative  observations  Should  be  made  about  the  maximum- current  data 
in  figure  11.  First,  in  agreement  with  A.  Rosen  of  TRW  (private  communication), 
the  grounding  configuration  had  a significant  effect  on  the  behavior.  For  ex- 
ample, at  20  kilovolts  significantly  larger  Currents  were  observed  with  the 
low- Impedance  ground  than  with  the  50-ohm  ground.  However,  15  kilovolts  the 
opposite  Is  true.  Second,  both  the  50*ohm  and  low-impedance  oaca  eidilbit  a 
weaker  area  dependence  with  a 15-kllovolt  beam  than  with  a 20-kllovolt  beam. 

Figure  12  shows  the  most  probable  peak  current  I^  as  a function  of 
Sample  area  In  the  same  format  as  in  the  previous  figure,  the  same  strong  de- 
pendence of  the  behavior  of  this  parameter  at  15  klloVolts  on  the  nature  of  the 
grounding  Is  observed.  At  20  kilovolts  the  area  dependence  of  Ijjp  is  clearly 
much  weaker  than  that  eidilblted  by  Ijj.  In  fact.  It  would  seem  that  to  a first 
approximation,  I)|p  Is  independent  of  the  area. 

Figure  13  shows  the  maximum  charge  Qjj  in  the  same  format  as  Itt  the  two 
previous  figures . At  20  kilovolts  both  grounding  configurations  show  goOd 
least-squares  fits  to  = K(A)®*78,  where  K is  a constant.  The  low- 
In^edance  configuration  gave  a somewhat  larger  value  of  K (0.38)  than  the 
50-ohm  configuration  (0.30).  The  15-kilcvolt,  50-ohm  data  (fig.  13(b))  are  fit 
(rather  poorly)  by  = 0.75  (A)O-W^  which  is  weaker  than  the  20-kllovolt 
scaling.  But,  given  the  quality  of  the  fit,  no  conclusion  can  be  drawn  con- 
cerning the  beam-voltage  dependence  of  the  exponent. 

Figure  14  shows  the  most  probable  charge  as  a function  of  area.  At 

20  kilovolts  the  de*end'«nce  of  this  parameter  on  area  Is  significantly  weaker 
than  that  of  <^,  but  at  15  kilovolts  Its  behavior  Is  similar  to  that  of  its 
counterpart.  Both  the  and  data  show  the  same  sensitivity  to  the 

grounding  configuration  as  does  % In  that,  at  20  kilovolts,  a low- Impedance 
ground  increases  the  charge  over  the  50-ohm  value  but  at  15  kilovolts  it  de- 
creases it. 

Figure  15  shows  the  maximum  discharge  time  At({  as  a function  of  area. 

All  four  sets  of  data  fit  Atjj  = K(A)*  very  well.  The  values  of  K and  x 
for  the  four  cases  are  given  on  the  figure.  The  50-ohm  data  for  both  voltages 


show  that  /^t)|  scales  approximately  as  the  first  power  of  the  area,  but  the 
low- Impedance  data  exhibit  significantly  weaker  scaling. 

Figure  16  shows  the  data  for  the  most  probable  discharge  time  The 

20-kllovolt  data  in  both  grounding  configurations  fit  Atj^p  = I\(A)^  In  a con- 
vincing way,  but  with  Values  of  x eigniflcantly  Smaller  than  In  the  At^j 
cases.  It  appears  that  At^p  scales  approximately  as  the  square  root  of  the 
area.  This  dependence  suggests  that  a diaracterlstlc  linear  dimension  may  con- 
trol the  breakdown  behavior.  If  it  is  assumed  that  die  most  probably  breakdown 
Starts  somewhere  in  a seam,  propagates  along  it  at  constant  velocity,  and  is 
limited  by  the  length  of  a Single  seam,  the  coefficient  K.  can  be  interpreted 
as  l/2fv,  where  v is  the  propagation  velocity,  the  factor  2 is  approxi- 
mate and  is  Inserted  because  the  most  probable  pulse  would  start  somewhere  near 
the  middle  and  propagate  In  both  directions,  f Is  a correction  that  would  con- 
vert At  to  the  total  time  the  pulse  propagates  down  the  gap.  A model  of  die 
discharge  process  that  could  predict  the  return-current- pulse  shape  Is  required 
to  accurately  evaluate  f.  Such  a model  does  not  exist,  but  f is  assumed  to 
be  near  2.  Within  the  limit  of  this  crude  description,  the  propagation  veloc- . 
ity  V is  approximately  1.5x10^  cm/sec  for  the  50-ohm  data. 


Discharge  Phenomenology 

A consideration  of  the  basic  physics  of  the  discharge  process  In  the 
geometry  being  studied  here  immediately  calls  to  question  the  meaning  of  the 
pulse-current  messurementS  described  in  this  paper.  Figure  17  schematically 
describes  the  experimental  situation.  In  the  figure,  Qpefore  Qafter 

are  the  net  charge  in  the  surface  of  the  sample  Just  before  and  just  after  the 
breakdown,  respectively;  Qp^ise  that  part  of  the  charge  that  goes  to  the 
baseplate  in  such  a way  as^to  go  through  the  meter;  and  Qghort  that  part 
of  the  charge  chat  goes  to  the  baseplate  without  going  through  the  meter.  Two 
contributions  to  Qshort  shown.  The  lower  one  corresponds  to  charge  going 

around  the  edge  of  the  sample  and  the  upper  one,  which  may  be  the  largest  part, 
corresponds  to  charge  going  down  the  seam  to  the  baseplate. 

There  is  no  way,  given  Che  present  limited  understanding  of  the  breakdown 
process,  to  predict  the  relative  sizes  of  Qpuige  Cohort*  Their  ratio 

should  be  governed  by  Che  details  of  Che  experimental  geometry,  materials,  etc. 
Further,  there  Is  reason  to  expect  that  thelt  characteristic  time  evolutions' 
(At,  e.g.)  would  be  different  since  the  characteristic  impedance  of  the  two 
paths  is  not  likely  to  be  the  same.  Since  Qghort  ^ould  probably  have  the 
lower  Impedance  path.  Its  At  may  be  significantly  smaller  than  the  At  cor- 
responding to  Qpuise*  ej^erlmental  arrangement  there  Is  no  way  to 

determine  directly  the  current- time  signature  corresponding  to  Qghort* 
its  magnitude  was  determined  by  applying  the  charge  conservation  equation 
shown  in  figure  17.  Any  conclusions  drawn  from  these  data  must  be  considered 
to  be  tentative  since  only  one  pulse  for  each  area  and  beam  voltage  was  con- 
sidered and  only  the  50-ohm  grounding  eonfiguiatlon  was  used. 

The  total  charge  on  the  surface  before  the  pulse  Opefore  charge 

after  the  pulse  were  determined  by  integrating  the  surface  voltage 


^ of  capacitance  to  area 

siWii.  ;:,n.“r,ss'S."^  s:S!%r“"^ 

??5.°nX“.%S^3‘  r*"^"  ? ? bSrvlsis.*  :;if 
sir.i.'SLT  2*r 

^WObefore  ~3“'*^«.U«  w.*/ 

Jbefore  aeeitta  to  drop  from  about  0.4  for  the  smallest  area  to  about*^o4  at  the 

largest  area.  The  fraction  in  the  unobserved  pulse  Q T !/o!  7 Itlrll  ^ 

f , ! * " ®P»l«"5betote  « *11  •««  .^led.  iht. 

result  clearly  demonstrates  that  the  experimental  chataeteritation  c 'i«eheree 

behavior  in-ground  tests  such  as  are  described  in  this  oaoer  must  he 
^nner  that  considers  the  contrlbuticm  of  QoKo-fc  if  results  useful  for  ex-  * 
trapolatlon  to  spacecraft  behavior  are  to  be^obtalced. 


CONCUJDI^  REMARKS 


vered^!fflirfi“®  discha^lng  characteristics  of  large-area  samples  of  sil- 
vered Teflon  tape  presented  herein  demonstrate  a complex  behavior  These  re- 

I^lore  before  an  unambiguous  pletur^  cait  emerge.  Even  at  this  staee  of  the  in 
vestigation,  however,  some  definite  conclusions  can  be  drawn.  ® ^ in 

The  iO-kilovolt  charging  data  demonstrate  that  the  edge-voltase  oroflles 
scale  with  the  width  of  the  sample.  This  implies  that  thXlstS  oSe! 
dtoensional  model,  whidi  Invokes  bulk  and  surface  currents,  is  incomplete  and 

spreading  must  be  WuS  toanf 
realistic  model  of  insulator  charging.  «'.*uweu  m any 

of  conflgutotloo  Is 

real  significance,  it  modifies  both  the  magnitudes  of  the  discharee  nnrMm. 

apparent  scaling  with  area.  The  same  statement 
can  be  ^de  about  the  effect  of  beam  voltage.  This  is  a clear  wamina  tkah 

distributed  fluxes  and  Spacecraft- like  configurations  may  be ^manda- 
tory for  a realistic  simulation  of  spacecraft  materials  discharging^behavlor. 

always  take  place  at  seams,,  in  the  high-voltaee 
regim  of  the  sample.  However,  the  role  of  seams  in  typical  breakdowua  <b  nn*. 

effects  and  area  effects  aince,  for  these  samples,  the  seam  length  scales  to  a 
first  approximation  directly  as  the  area.)  This  Ambiguity  can  !nd  should 
resolved  by  measurements  with  solid  insulator  fllmsl  ^ ^ ^ 

The  charge-balance  results  demonstrate  that  measuring  only  the  return- 
currcnt-pulsc  Aaracteristics  does  not  adequately  define  the  behavior  of  these 
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b.  related  le  enj  X^rway  t^rtribeJi^ed^e!'™^'*"?  «‘ 

curfent  puleee  observed  time  evolution  of  the  return- 


(I  - continue  to  Increase  with  area 

nearly  IhHop^ad^nt  orwersSggLts^tSrth^^^  currents  seem  to  he 

th»t  contributes  to  a oulse  *Verv  there  may  be  some  limiting  sample  area 

that  appear  arel  IndLJndJnt  silll 

scale,  but  the  prebebUlty  of  a high  pulaS  betanWe^Sy'^^^JJJr'  “ ' 

data  wJld^prOTldJ  a”lurtJ°lhrmtura  of  *''“® 

controlling  the  discharge  process.  ^ <Jomlnant  physical  phenomenon 
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NORMALIZED  SURFACE  VOLTAGE,  WVm  BEAM 


g laFExposureUme.  (b)  Exposure  tinte, 
§ 60  seconds.  1?0  seconds. 


icl  Exposure  lime,  id)  Exposure  time 
180  seconds.  350  seconds. 


Figure  X - voltage  profiles  for  Z3(?-square- 
centimeter  sample  and  lO-kilovolt  beam. 


NORMALIZED  COORDINATE,  xfw 

Figure  4.  - Equilibrium  surface-voltage 
profiles  - liormalixed. 
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I/'  1 Msec  (TYP.  I 

■v'/J — 

(a>  50"0hm  grounding 
configuration;  15- 
kilovolt  beam. 


50- Ohm  ground- 
ing confjgu'ation; 
?0-kilovolt  beam. 


ici  Low-impedance 
grounding  con- 
figuration; ?0- 
kilovolt  beam. 

Figure  7.  - Return-current  pulses  for  ?3?-square- 
centimeter  sample. 


1 usee  iTYP. ) 


la)  50-0hm  grounding  configuration; 
15-kilovoll  beam. 


--  I . - 

21  A 


ICI  Low'impedance  grounding  con- 
figuration; 15‘kilovoltbeam. 


<dl  Low-impedance  grounding  con- 
figuration; I5-kilovoltbeam. 


lb)  50“Ohm  grounding  con- 
figuration; 20-kilovolt 
beam. 


59. 1 A 


Id)  Low-impedance  grounding 
configuration;  20-kilovolt 
beam. 


Figures.  - Return-current  pulses  for  l?65-square-cenlimeler  sample. 
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^ 1 MSC?C 

la)  ^“Ohm  tjrounding  confkjuration; 
13  kilo^rott  beam. 


^b)  50-0hm  grounding  configuration;  ?0-kilovolt  beam. 


ici  Low-impedance  grounding  configuration;  ?0-kilovolt 
beam. 


Figure  9.  - Return-current  pulses  for  5058-square* 
centimeter  sample. 


Flgui'e  10.  * Current  distribution 
function  for  1265*square- 
centimeter  sample  in  20-kilovoit 
beam. 


GROUNDING 

CONFIGURATION 

n 50  ohm 


Figure  11.  - Maximum  return  current  as  function  of  area. 


502 


MOST  PROBABLE  RETURN 

MAXIMUM  CHARGE.  Oy.  uC  CURRErff,  F^p.  A 
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CONFIGURATION 
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'■  lOlV  IMPEDANCE 


UP 


10[, 

10* 


r>- 


I Mil  I I 1 jJ 

10^  10*  10? 

area.  a.  cm? 


1 M ll  I 1 111 
10^  10* 


t r;  • s Mil. 

?0-Kilovciit  beam.  ,b»  15-iCilovoM  beam. 


FiMure  1?.  - Most  probable  return  current  as  function  of  artj. 


ia»  ?0*Kilovult  beam.  1 VKilovolt  beam. 


fiqure  13.  • Maximum  charge  as  function  of  area. 
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MOST  PROBABIE  CHARGE,  ,£ 
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grounding 
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ll^l  III  I I |_J 
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area.  a.  cm^ 
(tli?OH(ilovollbeaiii. 


10^ 


loo- 


t's-78-  .1  l.’h 

ibJ  15-Kilovottbeam. 
figure  14.  - Most  probable  charge  as  function  of  area. 
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Figure  15.  • Maximum  discharge  lime  as  function  of  area. 
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CHARGING  RAtES  OF  METAL^DlEI£CTRIC  StRlfCTURES 

Carolyn  N.  Purvis,  John  V.  SCaskus,  James  C.  Roche,  and 

Frenk  D.  Berkopec 
NASA  Lewis  Research  Center 


SUMHARV 


Metal  plates  partially  covered  by  0.01- cent line ter- thick  fluorinated 
ethylene-propylene  (FEP)  Teflon  were  charged  in  the  Lewis  Research  Center's 
geomagnetic  substomi  simulation  facility  using  5-,  8-,  10-,  and  12-kilovolt 
electron  beams.  Surf ace , Voltage  as  a function  of  time  was  measured  for  vari- 
ous initial  conditions  (Teflon  discharged  or  precharged)  with  the  metal  plate 
grounded  or  floating.  Results  indicate  that  both  the  charging  rates  and  the 
levels  to  which  the  samples  become  charged  are  influenced  by  the  geOaietry 
initial  charge  state  of  the  insulating  surfaces. 

The  eiqperiaients  are  described  and  the  results  are  presented  and  discussed. 
NASA  charging  analyser  program  (NASCAF)  models  of  the  experiments  have  been 
generated,  and  the  predictions  obtained  are  described.  Implications  of  the 
study  results  for  spacecraft  are  discussed. 


INTRODUCTION 


Anomalous  behavior  of  geosynchronous  spacecraft  has  been  attributed  to  the 
arc  discharging  of  differentially  charged  spacecraft  surfaces  (ref.  1).  In  ex- 
amining the  response  of  a spacecraft  to  the  charging  environment,  it  is  of  in- 
terest to  Identify  both  the  potentials  to  Which  various  spacecraft  surfaces 
chSrge  and  the  rates  at  Which  these  potentials  vary  in  response  to  environmen- 
tal changes.  Of  particular  interest  are  the  magnitudes  and  rates  of  change  of 
the  potential  differences  between  various  spacecraft  surfaces. 

It  has  been  reported  that  the  potentials  (with  respect  to  space  plasma 
potential)  of  the  ATS-S  and  ATS-6  spacecraft  structures  can  change  rapidly  by 
kilovolts  in  response  to  changes  in  the  plasma  environment,  entry  into  and  exit 
from  eclipse,  or  the  turning  on  or  Off  of  particle  emitters  (refs.  2 and  3). 
This  is  not  surprising  since  the  capacitance  of  titese  spacecraft  with  respect 
to  the  environmeht  is  small.  The  question  of  interest  here  is  the  effect  of 
such  changes  on  potential  differences  between  spacecraft  structures  and  insu- 
lating surface  materials.  Ground  studies  have  shown  that  insulating  films 
mounted  on  grounded  substrates  and  subjected  to  bcabardmeut  by  monoenergetlc 
electron  beams  with  current  densities  typical  of  the  geosyn^ronous  substorm 
environment  require  several  minutes  to  reach  equilibrium  (refs.  4 and  5).  Cal- 
culations with  one-dimensional  models  indicate  that  even  longer  times  may  be 
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in  the  actual  apace  anvl 


rac’^aJ  ?}‘  ‘‘J***  ”**  ““'“ettaken  to  Inveatlgata  charging 

aJ  .5  Ineoletlng  aucfacea  and  undatlytng  metal  poitlSns 

ot  compoalta  metal-dielectrtc  atructucaa.  It  la  an  extenalon  o£  work  previous- 
ly  reported  (ref.  5),  Ideas  touched  oti  In  the  earlier  study  are  refined  and 
revised  on  the  basis  of  the  data  presented  here.  This  paper  describes  the  com- 
posite smples,  the  experiments « and  their  results.  Predictions  of  the  NASCAP 
code  (ref.  6)  for  some  of  the  experiments  are  presented  and  compared  with  the 
data.  Implications  of  the  results  for  spacecraft  are  discussed. 


^ERIMENT  DfiSdRiPTICfR 


The  e^eriments  were  performed  in  the  Lewis  Research  Center’s  geomagnetic 
substom  simulation  facility  (ref.  7).  Samples  were  bombarded  with  beams  of 
10- , and  12-kilovolt  electrons  at  a current  density  of  1 nA/cm^.  All 
tests  were  performed  in  the  dark. 


Samples  Tested 

Samples  consisted  of  metal  plates  of  aluminum  alloy  partially  covered  by 
strips  of  0.01-centimeter-thiek  silvered  FEP  Teflon  tape  in  several  configura- 

applied  to  the  plates,  silver  side  down,  with  conductive 
adhesive.  The  plates  Were  mounted  on  6. 3-centimeter- long  ceramic  posts  to  pro- 
vide electrical  isolation.  Coaxial  cable  leads  from  the  plates  were  brought 
outside  the  tank  so  that  the  plates  could  be  grounded  to  the  tank  structure  or 
allowed  to  float  electrically. 


Tests  were  performed  on  samples  with  four  different  patterns  of  Teflon 
tape,  shown  in  figure  1.  All  the  plates  were  15.2  centimeters  by  20.6  centi- 
meters  and  the  Teflon  tape  was  5 centimeters  wide.  In  the  figure,  crosshatched 
T!?  represent  exposed  metal  and  plain  areas  (labeled  T)  represent 

1^®  Teflon  area  is  one-third  the  total  for  configuration  1,  two-thirds 
the  total  for  configurations  2 and  3,  and  the  entire  surface  area  for  configu- 
r a Lion  4.  ® 


Test  Sequences 

^o  series  of  tests  were  runt  The  first  used  one  sample  of  configura- 
tion 1 and  one  of  configuration  2,  and  the  second  used  one  sample  each  of  con- 
figurations  2,  3,  and  4.  Test  sequences  and  quantities  measured  were  the  same 
for  both  series  of  tests,  but  diagnostic  capabilities  were  increased  for  the 
second  series. 


M j 1^1/ first  series  of  tests,  surface  voltage  data  were  taken  with  a TREK 
Model  340  and  a surface  voltage  probe  that  was  mounted  on  a radial  arm  and 
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ptobe  track  in  fla  rhn  certtar  of  the  sample  (series  1 

tag  back  and  forth  acroas  eha^aMe  oii3aca”nd‘^th*th'  J“ll 

the  exposed  metal  plates.  The  stoDoed  ^ stOppdd  over 

probe..  0.«-c«.tf«t.r.df.2;.J‘SM“J“j:fnrthr^^^^  S:  be*. 

-ountS  0*  ta:'n^.‘:;jSi«g"':.rL??n^‘  f '«*•»«  »«• 

These  probes  were  positioned  so  that  the  uoeer  surface, 

centerline  4.8  centimeters  above  the  pt6oe  passed  across  the  vertical 

across  t^e  vertical  centerline  6 6 centre?  **®“J*f  **^®**®  passed 

ries  2 piobe  tracks  in  fjg  i?  LlTilTlt'''' "*^®  ®®“P^®  (re- 
posed metal  plate  shielded  some  of^thrSflM  from^thr^**®  °^®'  ‘^®  ®*‘ 

voltage  leads  from  the  plates  were  brought  S ^®®“*  high- 

arrangement  was  set  up  to  monitor  the  plate  volteL^J  ^f*'*^*  * *^*'^*^^ 

probe  monitored  the  plate  voltages  durine^^fhl^iJ^*  k charging.  This 

sweeping  and  with  them  .topped  *ell  «ray  ftSj 

The  P«ier™Xep‘r.”':..'“"1'  SaJ  Se“'T'‘  «=«der. 

7 seconds.  Data  rLd  from  thrstrln  eW?  crossed  the  sample  in  about 

With  a minimum  error  i^  resSutiS  Sf  ^ho.  ‘"®  percent, 

sample  was  tested  in  botJ  tL^seJiL  ®‘®  ®°“fi8“ration  2 

strumentation  could  be  identified.  ° effects  due  to  differences  in  in- 

sample  surface  at  zero  potcntial^f^asured^hv^^  voltage  was  begun  with  the 
sisted  of  the  follo^J^'^nepst  ^“®®®“’^®‘*  *=^®  P'o^es).  The  sequence  con- 

the  beam  and  aliowS*^?^  chwge^trejiilibti^?*^^”®*  sample  was  exposed  to 

and  tL\eflSn^L*’allo^ed^to°chaS  totil  «'<>««ded  externally 

librium.  ® hntil  its  surface  potential  reached  equi- 

to  charge  until  eqSltbrlm'warjgUn'Midled^  tloated  and  the  ayatea  allowed 

SiJ  dS:“«ine':&s  i:r'  n:^”  .. 

In  addition,  acme  testa  Were  run  In'i^leh'f*?!^”*!.*'”*  ’**  Pt»beo  stopped, 

ahlelded  from  the  hem.  during  the  gr^Jd^nf  il^S"l«e.*^"'‘"* 

some  ^fS.  «r^ob“^ed"^i^««^S«^^  “‘ff  seguence, 

beam  or  to  interactions  of  the  probes  with  th^  “onuniformities  1«  the  electron 
ble,  such  instrumentatlon-relatSd  efLel?h*^^  samples.  To  the  extent  possi- 
feported.  ^®*'®‘*  ®“®®^®  *>een  eliminated  from  the  data 
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EjCPERIMENTAt  RfiSUttS 

and  5®®^  results  are  described  sfid  illustrsted  with  the  5- 

"•?  "*“•  ‘^«««‘  g««*l  fMturS  of  the  eaSiJ' 

S“S£-S;-s1iSiw 

ptu-Seaie^:  vzi.. 

with  z ziiZi  z 

SS;h^‘“*  F ^ 

:s£“2:S"™£S- 

reenoi2L*‘*Sfr»J“*J'“JVT”‘  g«wwal  teatorea  of  the  aaaple.' 

currS^  th.  TST  iaatanca  in  ohldi  rapid  ehangaa  of  potential  oc- 

Z » “e 

pficitance  between  the  saniple  as  a whole  and  its  Surtoundlnas  Thus  when 

Snof**  S *=**®  ‘»®““  beginning  of  Srse?;;ncr  Jhe 

and  Ae  plates  changed  potential  at  the  same  rate  for  about  the 
a.8t  15  seconds.  Then  differential  t>otentlals  began  to  develop.  When  the 

Ei^«tS:’'lenrt^ff*.*  *"’a“!  '5'  ‘'■'"«««*tla7  ;?iend“.t. 

.Ub.a,u«.tly  chargadt::  « iMSUrJrpTtSJur;;  a «J1iSr“lL*“v 

ZiTZi  Zn  Sfi«':JrSorbr"“  i*«»  ^J~.iss:tui'‘*s 

tl^  (overahot)  and  began  to  dla'SSrrJo”n.“niUh"l« 

The  second  general  point  evident  from  figure  2 is  that  the  A*.afe<i  riha...  4 

bx  r :r4-:^t-?r 


I 
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the  third  *tep"Sf'thrteet  •I"'!/  t” 

potedW^Jr^S:™  «d*S!e‘“u;e?“?hh”  ““:,Tr“  ;'Tk*  “ “« 

Chatging  of  Teflon  autfaces  and  bate  i jtal  obsetvatlons  of  the 

that  the  polarity  of  differential  charein*  ^ “®®“® 

tlon  haa  a more  negative  equilibrium  ootenM^’J'^tt**  ”*‘^*^*‘  i*isula- 

equmortum  putential  than  does  the  metal  "structure." 

sequence  ire^cii^deferiidl!!ldualT?-^®t^^  ®^®P®  test 

lustrate  the  behavior.  the  8-kilovolt  beam  data  ate  used  to  11- 


tton.^TS^ten^’s^Lcr’iS 

figures  3(a)  and  (b),  respectivSy.  DuriM*^ih  responded  as  shown  in 

the  plates  and  the  Teflon  Surfaces  of  seconds  of  charging, 

same  rate.  Furthermore,  all  four  eonfiauMtio^^®''^*^^®^  charged  at  nearly  the 
This  is  not  surprising  Unce  th^e«-oi!  “°“®.  charged  at  the  same  rate. 

ings  were  nearly  equal  (measured  to  be  20to"3®n  surround- 
ing is  dominated  by  this  capacity.  absolute  charg- 


surface,  of  the  four  coo- 

potentials  of  the  surfaces  were  fit  ahm,^  monotonic.  The  equilibrium 

measurmsents  of  Teflon  samples  (refs.  4 and^5)^^°'^°^*^*'’  consistent  with  other 

pl.te'^fr^CfjrifS)  '■y  hlatorle.  of 

charging,  “ff"  ‘““O' 

plate  waa  the  auat  negative,  aL  the  conflgUMtI™“2*and''3’  f'r  * 

same  (intermediate)  potential  th*.  r««?7»r  f;  ^ plates  were  at  the 

negative  and,  at  equilibrium  haA  ®°"^^8uration  4 plate  remained  the  most 
the  overlying  ?efSf  surffff^ff  «"  1®®®  »®8ative  than 

ported  for  bare  plates  (ref.  8)^  Althfffh  th!  equilibrium  potentials  re- 
2.  and  4 plates  Appeared  moiotoAic  fJf  SnffLf  m®^"I  configuration  1, 

negative  potential  at  20  to  40  seconds  ^ **^®*^®  reached  a maximum 

equilibrium,  seconds,  it  then  decayed  by  about  500  volte  to 

rnnt.*r:.S'.':^U  .T.'^oS'”^?^  ocswcclhg  the  cur- 

faces  and  metal)  individually  and  thf  "cafaf  1 tf rf "“b^ 

rents.  Initially,  each  sample  charsfd  ff^f  ? ® charged  by  these  cur- 

by  the  total  current  it  collected  and  Its  ° ''®®  <*ctermined 

Differential  potentials  betwffn  tuff  J,  capacitance  to  its  surroundings. 

charging  the  capacitors  made  up  of  these^Lff’^^*'^®®  f"**  plates  result  from 
side  of  tiiese  cfpacitors  ?hf  mffnufff  requires  currents  to  each 

Teflen-to-plate  capacitor  must  defend  of  iLTelZlTlrT^^^^^ 


tlL  of  the  elenJons!^'*'"®'’ 

from  the  Teflon  or  beam  electrons  deflected  bJ ?^i ^°'*”^***^®  secondaries 

wes  essentially  no  current  iiaUabJe  trc^se'^dlJf^ 

only  a very  small  differential  potential  develojfd  charging,  and  thus 

posed^to''Sf^beMf^°2videSly!®thrTeflon''«^  ®*‘ 

sample  during  the  first  20  to  40  seconds  «f  u *-**®  charging  of  the 

-oyershoof  (l.e.,  becomfmJre  Lgatijf  t^fnf 

this  point,  the  plate  emitted  morf  seconSr?L^J^  equilibrium  potential.  At 
This  resulted  in  a net  positive  currenrto  Jh!  received  primaries, 

tential  of  the  plate  was  reduced.  * plate,  so  thafthe  negative  po- 

correct,  it  ausrbe*’^upposed*^tLt^thrc^^  configuration  3 sample  plate  is 

shoots"  its  individualXTi^^  \ Plate  also  "over- 

of  charging  (since  the  relative  areas  of  Teflor*^  seconds 

for  these  two  configurations).  The  fact  thfJ  H ®etal  are  the  same 

tiot  discharge  must  then  be  due  to  fchf  ° the  configuration  2 plate  does 

rangements  of  the  Teflon  straps  L if  geometrical  ax- 

figuration  2 was  between  the^Lo  Teflon^irf  ?*®  ®*Posed  metal  of  con- 
figuration 3 was  on  the  edgL  of  Sf  sLil!  ”®^®1  ««- 

more  negative  than  the  plate  a ootentia?  h ince  the  Teflon  surfaces  were 
electrons  from  the  plate  fro^  esLping  secondary 

plies  that  the  final  potential  reached  hv  if ! configuration  2.  This  im- 

reach,a  had  It  been  aapoa^d  Jo'Se""ba^r:i'Jh“^..tn„1:t'’u“ 


Step  2 

pies  plitfrfnrTeara’sSfa^*'^^‘*^^‘'r  charged  sam- 

step  1)  were  grounded;  and  th^Teiloi  ^!  f?  ® ®®  '=‘‘® 

wn  in  which  the  metal  plates  wLf^grou-ided^fith’^tf!  tests  were 

beam,  and  some  with  the  samples  shielded  ^ ®®®Ples  exposed  to  the 

groundad  during  probe  sweeps  and  with  th«  DrobeH%.^***a  ®**^®^^®**  samples  i/ere 
(Sweeps  were  made  before  and  after  th.  aZ  stopped  away  from  the  sample, 

the  potentlels.)  SempUe  exposed  tftof  S^  *"*  '»  <>stermlne 

probe  sweeps  so  thst  the  Teflon  surfaca'oot  8S"erally  grounded  during 

ot  the  Teflon  with  the  Mete  «o^n5fd  h.ni  'i"  “s  chetilng 

ure  4 for  a sample  of  conflgu?euSn  3 r^h.  f!"*"  “‘““«ted  In  fig- 

tential  of  the  Teflon  surface  and  V ’ fk®”?’  ''t  'spts'snts  the  po- 

?u'Sr.nd^he"?rte^"r  JS: 

cste  Its  locstlon.  pi,ure  M.)^epl:t:^^^t^^to:l”^aoltge•ne^‘5:^^^ 


S ^ "'®®  gtounded  and  with  the  sample 

shielded  from  the  beam.  Figures  4(b)  and  (c)  depict  traces  during  which  the 

plate  was  grounded  and  with  the  sample  shielded  from  and  exposed  f o thf beam 
respectively,  in  all  cases,  when  the  plate  was  grounded,  the  differential  be- 

Sa  milliseconds  retjulred  for  the  probes  to  sense  and  adjust  to 

liV^VT  " Grounding  the  plate  Is  equivalent  to  gJounSirinf 

side  of  a capacitor,  with  the  other  side  (In  this  case,  the  Teflon  surface) 

b^m  the  voltage  across  the  capacitor  does  not  change.  Even  If  the 

surface  Is  h «=he  current  to  the  Teflon 

f ^ Change  the  potential  across  the  Teflon-plate  capacitor 

noticeably  In  milliseconds.  As  shown  In  figure  4(c),  the  Teflon  surface  ex- 
posed to  the  be^  began  to  charge  after  the  plate  was  grounded,  at  a rate  char- 
thA^nfA^^^  capacitor.  Charging  of  the  Teflon  surfaces  with 


Step  3 

^^.A  step,  the  plates  were  allowed  to  float  electrically  (by  opening 

connection)  with  the  Teflon  surface  Initially  charged  to  its  eoul- 
llbrium  potential.  As  has  been  noted  (fig.  2),  the  plaL  chafged  Lg^uS 

tiar*^NAi®  become  mote  negative  than  its  equilibrium  poten- 

that’the  Tef?oh®f^  Teflon  surface  became  positive  (electrons  out)  so 

that  the  Teflon-to-plate  capacitor  was  discharging  while  the  plate-to- 

surroundings  capacitor  was  charging.  That  is,  the  differential  potential  be- 

ien^f^i^  Sf  ?Af?  reduced  by  net  electron  emission  cur- 

A J potential  of  the  plate  with  respect  to  its  sur- 

roundings was  being  made  more  negative  by  net  electron  current  to  the  plate. 

b^«n  IJa  ^ *=^®  sequence  with  the  8-kilovolt 

Warn  are  illustrated  in  figure  5.  Evidently,  the  most  important  factor  in  de- 
termining the  rate  at  which  each  sample  plate  charges  is  the  area  of  metal  ex- 

5(-»-  The  configuration  ! plate  ^ar«pl«y 

and  the  ^.onfiguration  4 plate  most  slowly  at  every  beam  voltage  tested  The 

fr»  0«™Sed  how  l«2  a^  menial® 

II  L.4 1 la.  j ^ shovm  in  figure  2,  it  is  demonstrated  more  dramatically  by  the 

Ae  riL  8-kilovolt  beam  (and  also  wiJh 

di?“  f ’’ss^s)  the  potential  of  the  configuration  I plate  chaneed 

maLltudfl't^  diff^^”^  charging,  its  potential  exceeded  (In 

the  difference  between  the  Teflon  surface  potential  and  the  beam 
voltage  (~-2  kV)  before  the  differential  between  the  plate  and  the  Teflon  sur- 
face had  time  to  change.  The  net  result  was  that  the  Teflon  auSLrpotenUal 
exceeded  the  beam  voltage.  When  this  happened,  the  electrons  from  the  beam  no 
longer  reached  the  Teflon  surface  and  the  "capacitor  plate,"  which  la  the  Tef- 
lon surface,  was  effectively  open  circuited.  ‘^The  dlfLrentlarbetweL  tL  tef- 
lon surface  and  the  plate  was  maintained  during  the  plate’s  charging  Probe 

In  this  situation.  The  same  results  were  obtained  for  this  sample  with  the 


probe  sweeping  across  the  surface  and  with  It  litatlonary.  Clearly,  this  behav- 
ior cannot  be  expected  In  apace,  where  Ions  and  higher  energy  electrons  pre- 
clude the  possibility  of  a true  "open  circuit"  situation.  However,  It  does  In- 
dicate that  Insulating  surfaces  can  be  driven  far  more  negative  with  respect  to 
the  environment  than  their  equilibrium  potentials. 

At  the  opposite  extreme,  the  configuration  4 sample  charged  so  slowly  that 
with  an  8-kilovolt  beam  (and  also  the  10-  and  12-kV  beams),  the  Teflon  surface 
did  not  depart  noticeably  from  its  equilibrium  potential  (l.e.,  had  maximum 
excursions  of  <100  V) . 

Charging  rates  for  the  plates  of  configuration  2 and  3 samples  were  inter- 
mediate between  those  of  configurations  I and  4.  As  shown  ti.'.  figure  5(a),  the 
configuration  2 sample  plate  charged  slightly  faster  than  did  the  configura- 
tion 3 plate  with  the  8-kllovolt  beam.  The  difference  in  charging  rates  of 
these  two  sample  plates  is  more  marked  with  the  5-kilovolt  beam  (fig.  2)  but 
appears  to  decrease  with  increasing  beam  voltage  (l.e.,  for  the  10-  and  l2-kV 
beams).  One  can  argue  that  the  configuration  2 sample  plate  was  expected  to 
charge  more  quickly  than  the  configuration  3 plate  because  of  the  trapping  of 
the  secondaries  emitted  by  the  plate  in  the  configuration  2 sample.  The  reason 
for  the  decrease  in  the  difference  between  charging  rates  of  these  two  sample 
plates  with  increasing  beam  voltage  is  not  clear.  It  might  be  due  to  the  sec- 
ondary yield  decreasing  with  increasing  impact  energies  for  kilovolt  primaries. 
This  would  reduce  the  number  of  secondaries  available  to  be  trapped  and  conse- 
quently reduce  the  difference  between  the  currents  to  the  plates  in  the  two 
configurations.  ■ 

The  Teflon  surfaces  on  the  configuration  2 and  3 samples  behaved  in  a 
similar  fashion  at  all  beam  voltages  tested.  In  each  case  the  initial  rise  in 
plate  potential  caused  the  Teflon  surface  to  become  more  negative  than  its 
equilibrium  potential,  and  it  proceeded  to  discharge  slowly  back  to  equilibrium 
as  the  plate  charged.  The  plates  for  these  samples  charged  slowly  enough  that 
the  Teflon  surface  potential  remained  less  (in  magnitude)  than  the  beam  voltage 
by  at  least  several  hundred  vclts  and  was  therefore  able  to  discharge  toward 
equilibrium. 


NASCAF  MODELS 


The  NASA  charging  analyzer  program  (NASCAF)  is  a computer  code  developed 
to  calculate  the  charging  of  objects  in  three  dimensions.  The  code  and  its 
capabilities  are  described  elsewhere  (refs.  6,  8,  and  9).  For  this  study,  ob- 
jects were  defined  in  the  code  to  represent  the  configuration  2 and  3 samples 
tested.  Grid  spacing  was  chosen  to  reflect  the  relative  sizes  of  the  samples 
and  the  test  chandler,  with  the  minimum  number  of  grid  points  that  gave  a rea- 
sonable resolution  on  the  sample.  This  choice  and  that  of  the  time  stepping 
option  used  were  made  to  minimize  computer  time  (rather  than  to  maximize  simu- 
lation accuracy).  Simulations  were  run  according  to  the  "test  tank"  mode  of 
code  operation. 


NASCAP  Objects 

. ^ree  objects  were  defined  In  the  code  for  this  study;  they  are  lllus- 

mefh^unir  Object  Is  composed  of  two  metal  plates  that  are  one 

Hk  uJI  one-mesh-unlt  spacing  between  them  (fig.  6(a)).  The 

°?®  farther  from  the  electron  gun)  was  held  at  ground 
potential  during  the  simulation.  Capacitance  between  the  two  plates  was  set  at 
200  picofarads  to  simulate  the  measured  200±30-plcofarad  capacity  of  the  actual 

beaS  ^hat  were  expLed 

beam  were  defined  to  represent  a bare  metal  plate  (object  1.  fie  6fbU  and 

the  configuration  2 and  3 samplej  (objects  2 and  3,  figs.  6(c)  and  (d).^’respec- 

airiS  surface  cells  In  area 

mLt  mLh  points  were  2.54  centimeters  apart  In  the  Inner- 

most  mesh  in  the  code.  Thus  the  objects  modeled  were  15.2  centimeters  by 
20.3  cent^ters,  but  the  actual  samples  were  15.2  centimeters  by  20.6  centi- 
meters.  The  small  difference  in  actual  and  modeled  size  should  have  had  very 
little  Impact  on  the  results.  The  bare  metal  plate  was  used  to  compare  the  be- 

without  surface  insulation.  Teflon  surface  cells 
labeled  X in  figures  6(c)  and  (d)  are  those  Cells  for  which  current  and  volt- 
age information  was  printed  during  simulations.  Figures  7 and  9 show  the  aver- 
age values  for  these  cells. 

f ®i"‘“£ations  in  this  study,  standard  KASCAP  properties  wer6  used 

tor  the  Teflon.  The  metal  plates  were  modeled  as  aluminum,  but  with  a 

emission  coefficient  of  2.6  and  primary-electron  energy  to 
produce  maximum  secondary-electron  yield  for  normal  incidence  of  350  electron 
volts  to  describe  the  yield  of  true  secondary  electrons.  These  choices  are 

results  of  a study  in  which  the  predicted  and  measured  charging 
behaviors  of  materials  were  compared  (ref.  8).  ® ® 

NASCAP  runs  were  made  to  simulate  the  test  sequences  (steps  1.  2,  and  3 

J “ESCRIPIION)  for  tho  configuration  2 and  3 ^aaples 

With  o-  and  10-kilovolt  beams. 


Simulation  Results  and  Comparison  with  Data 

in  fieure^5%«i  Si!  ®*=ep  1 of  the  test  sequence  are  shown 

^ ^ 8-kilovolt  beam  case  for  objects  2 and  3.  Data  for  conflg- 

uration  2 and  3 samples  are  included  fur  comparison.  The  code  predicted  that^ 
samples  charge  somewhat  more  slowly  than  the  data  indicate.  However,  overall 
agreement  seems  rather  good.  In  particular,  the  potential  of  the  object  3 
plate  was  predicted  to  reach  a maximum  negative  value  and  then  decline  in  mag- 
observed  in  the  data.  The  potential  of  the  object  2 plate  does 
agreement  with  observation.  The  code  output  indicates 
secondary  electron  emission  from  the 

plate  by  local  fields  in  the  case  of  object  2,  as  was  surmised  earlier.  It  was 
earlier  that  the  plate  may  have  "overshot"  its  equilibrium  po- 

!h!  T ®!TP^®  '^o^^igoratlons.  This  speculation  is  supported  by 

the  predicted  charging  histories  of  the  metal  plates  of  three  objects  shown  In 
figure  8.  Plates  of  objects  2 and  3 reached  their  maximum  negative  potentials 
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about  bOO  volts  larger  in  ftagttltude  than  their  equilibrium  values.  Object  3 
plate  dlscharpd  to  equilibrium  potential  after  about  8 minutes  total  charging 
time,  object  2 plate  remained  "too  negative"  as  a result  of  trapping  of  second- 

This  Illustrates  the  kind  of  Insights  Into  charging  benaVlor  that 
NASCAP  cait  provide. 


of  the  simulation  Of  step  2,  the  plate  was  grounded  and 
the  potentials  were  recalculated  "limiedlately"  afterwards  (actually  the  code 
takes  a O.OOl-see  time  step).  Again,  predictions  are  in  accord  with  the  data: 

between  the  Teflon  surface  and  the  plate  was  maintained. 
Charging  of  the  Teflon  back  to  equilibrium  proceeded  as  expected.  Again,  the 
code  predicted  charging  fo  occur  more  slowly  tlian  was  observed,  but  the  dis- 
crepancy was  not  great. 


Predictions  for  step  3 of  the  teat  sequence  are  much  less  satlbLoctory: 
the  pre^cted  rate  of  charging  In  this  Step  -as  much  less  than  the  observed 

figure  9 for  object  2 (configuration  2 data)  with 
t reasons  for  this  are  not  presently  understood,  it  may 

be  that  simulation  inaccuracies  due  to  choices  of  grid  size  and  time  stepping 
opt..on  are  increased  by  the  presence  of  large  fields  due  to  the  precherged  Tef- 
lon surfaces.  Another  possibility  is  that  portions  of  the  physics  not  modeled 
in  th^  code  ate  more  important  in  thia  step  of  the  test  sequence  than  in  others* 

Despite  the  discrepancy  between  observed  and  predicted  charging  rates  with 
the  Teflon  precharged,  the  code  does  predict  the  general  features  of  the  data, 
that  is,  that  the  initial  charging  of  the  plate  causes  the  Teflon  surface  to 
become  more  negative  than  its  equilibrium  potential  and  subsequently  to  dis- 
charge toward  this  potential  as  the  plate  charges. 


SUMMARY  OF  RESULTS  AND  CONCLUSIONS 


The  charging  response  of  composite  metal-dlclectrlc  structures  has  been 
Investigated  experimentally  and  simulated  with  the  NASCAP  code.  Overall,  the 
code  8 predictions  Were  In  good  agreement  with  the  data,  particularly  considerc- 
Ing  the  uncertainties  Irt  the  material  properties  used  as  Input  (ref.  8).  Dis- 
crepancies in  the  time  response  do  Indicate,  however,  that  caution  should  be 
used  in  predicting  behavior  of  objects  with  large  differential  potentials  be- 
tween adjacent  surface  grid  points.  Hie  codecs  predictions  can  be  used  to  pro- 
vide insight  Into  charging  response,  sevetol  features  of  the  charging  response 
ol  the  composite  samples  have  Interesting  Implications  for  the  charging  behav- 
ior of  spacecraft. 

Although  potentials  on  an  entire  object  can  change  rapidly  In  response  to 
changes  in  Its  environment,  differential  potentials  across  thin  insulator.^ 
change  much  more  slowly.  The  rate  of  absolute  charging  depends  on  the  capaci- 
tance of  the  entire  object  to  Its  environment  and  the  net  current  It  receives 
trom  the  environment.  The  rate  of  differential  charging  between  an  Insulating 
surface  and  the  structure  beneath  it  depends  on  tlie  copocltaucc  between  tltem 
and  the  net  difference  in  currents  to  the  two  "plates"  of  this  capacitor.  The 
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on  the  properttes  of  those  nt'itori  iia  /•»  i '^'-nt  from  the  environment, 

Uy)  and  rhalr  oXactrlcnl  lntorco„ncc«“.t  ^ loan?  ?l'nldf  ehir 

energy  emitted  particles,  and  on  anv  "artlflof«|o  I «'<  ’ trop  low- 

el.«  an.lro™«,„t^a“t^lnad  potontlala  at  which  oquUlbrlun,  with 


all  arze/brnrcL«uLea”onL'J  dcponda  on  Ita  over- 

other  depend  on  the  spacecraft's  coi\-tmerl°^**  of  tlie  spacecraft  to  one  on- 
environment  capacitance  is  usually  orders  general » the  spacecraft- to- 

to-s«rtace  enpLitmtees 

spncecraft  do  not  result  irsLd^^rLri  f d ”®®®  Potential  of  a 

sulation.  Thus.  sucriLrat^onf  L Potentials  across  thin  in- 

sent  an  immediate  arcing  hazard  to  thin  in'  electron  emittet  do  not  pre- 

sulating  structures  1«- 

ture,  these  will  charge  back  «-o  thp<r  om  dni,  capacitances  to  the  struc> 

than  the  thin  insulators  w I till  ^ ®‘*“J^J^*^*^tum  potentials  much  more  quickly 


of  ''oCerslt^t''  t at  yr  , <=»<'^e‘"e  rate.  In  the  posalblUt, 

neRatI;r':u,/e.tpI.^  L,"o“';re^^  petentlals  alsnlflcanjly  s«,re 

eflect  should  only  be  hscordmis  If  the  obsriutripL-ecratt^Jstont lal°i ’ 'f'" 
cerni  tor  oxawple.  If  two  spacecraft  arc  attc.sptl.^rtrreU^«™a  ‘ 


V;;-  measure  the 


cnvlron.ntMit,  both  .absoluti  ind  .Vi  i ^ to  nu'asure  the  plasma 

data  lnterp;ctatlo..  p»  :.t"  ' i!rT  ‘ ccsspllcatc  the  task  ot 

the  ATS-,  !s„d  A.T,.rspi":.r:nta:rL'r’r;;:jt:d“(5e?^ ■’ro"‘’-'‘d 

suits  oi  the  presont  studv  . ' ' * 


rom 


^tr:ha^s:nfrr-:„r 

tie  and  thus  should  be  more  difflculr  rv  letter  etfocts  are  more  sub- 
sis.  care  should  he  userin  Lh 't  i e , I J«ta  analy- 
doslgning  sclent  a te  spacecraft  to  ’ 
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Figure  L - Sample  configurdtion<. 
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ire  2.  Charging  response  of  samples  to  test  sequence  > 5-Mlovott  beam. 


(b)  Charging  of  precharged  Teflon  on  floating  plated. 

Figures.  * Charging  response  of  samples,  sequence  step  3 
8-kilovolt  beam. 


-]  pMESH  SIZE 


BEAM 

DIRECTION— 


FRONT  PLATE 


p-MESH  SIZE 


^ ‘BACK  PLATE 


u 
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MATERIALS  AND  TECHNIQUES  POR  SRACECHAFT  STATIC  CHARGE  CONTROL  II* 


R.  E.  Schmidt  and  Ar  E.  Eaglea 
General  Electric  Company 
Space  Division 


Results  of  exploratory  development  on  th’^  design,  fabrication  and  test- 
ing of  transparent  conductive  coatings,  conductive  bulk  materials  and  ground- 
ing techniques  for  application  to  high  resistivity  spacecraft  dielectric  mat- 
erials to  obtain  control  of  static  charge  buildup  are  presented. 

Deposition  techniques  for  application  of  indium  oxide,  Indlum/tln  oxide 
and  other  metal  oxide  thin  films  on  Kapton,  FEP  Teflon,  OSR  and  dolar  cell 
coverglasses  are  discussed.  The  techniques  include  RF  and  Magnetron  sputter- 
ing and  vapor  ' position.  Development,  fabrication  and  testing  of  conductive 
glass  tiles  for  OSR  and  solar  cell  coverglass  applications  is  discussed. 

Several  grounding  techniques  for  rapid  charge  dissipation  from  the  con- 
ductlvely  coated  polymer  and  glass  dielectrics  which  have  been  developed  and 
tested  in  thermal  cycled  and  electron  plasma  environments  are  described. 

Results  of  the  optical  and  electrical  characterization  and  aging  effects 
of  these  coatings,  bulk  materials  and  grounding  techniques  are  discussed  as 
they  apply  to  the  performance  of  their  design  functions  in  a geosynchronous 
orbit  environment. 


INT.  ODUCTION 

Passive  temperature  control  of  spacecraft  equilibrium  temperature  is 
accomplished  by  a conttolled  mix  of  solar  reflective  and  Infrared  emissive 
properties  of  the  materials  on  the  spacecraft’s  external  surfaces.  High 
dielectric  insulating  materials  are  commonly  used  for  this  passive  control 
because  of  their  high  solar  reflectance  in  second  surface  mirror  config- 
urations and  Inherent  high  emittance.  This  class  of  materials  Includes 
back  surface  aluminized  Kapton  films,  silvered  FEP  Teflon  films  and  high 
purity  silica  glass  with  a back  surface  sllvet  coating  for  use  as  Optical 
Solar  Reflectors  (OSR's),  all  of  which  are  used  as  thermal  control  materials. 

In  geosynchronous  orbit  these  dielectric  materials  ate  directly  exposed 
to  high  energy  electron  plasmas  which  are  particularly  severe  during  geo- 
magnetic substorm  activity.  As  high  dielectric  insulating  materials  these 
materials  will  collect  and  support  electric  charge  buildup  until  the  di- 
electric strength  is  exceeded  and  electrical  discharge  or  arcing  occurs  to 
areas  or  components  with  lower  potential  energy.  These  discharges  result 


* This  work  was  supported  by  the  Air  Force  Materials  Laboratory  under 
Contracts  F33615-76-C-5075  and  F33615-76-C-3258. 
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in  degradation  of  the  thermo-optical  and  mechanical  properties;  and  interfer- 
ence with  low  level  logic  commands  to  attd  from  the  spacecraft  due  to  the  radio 
frequency  noise  generated  by  the  arc.  Furthe^ore,  ^ 

thermal  control  surfaces  by  vaporization  of  the  material  Itself  or  their 
second  surface  netallzed  coatings  may  Interfere  with  other  censor  systems  by 
condensation  of.  these  volatiles  on  detector  ev  radiator  surfaces. 


The  purpose  of  this  paper  is  to  describe  the  development  of  materials 
and  techniques  to  prevent  and/or  control  the  electrostatic  charge  buildup 
on  several  materials  most  commonly  found  on  the  external  surfaces  of  geo- 
synchronous orbiting  satellites.  It  represents  the  progress  made 
the  last  eighteen  months  of  a materials  development  and  test 
veloplng  transparent  conductive  coatings  and  materialb  for  application  t.j 
dielectric  materials  including 


(1)  Uncoated  and  silvered  FEP  Teflon  thin  films  (2-5  mil) 
used  for  solar  reflecting  second  surface  mirrors  with 
high  emittance  for  thermal  control  coatings 

(2)  Uncoated  and  aluminized  (back  surface)  Kapton  type  H 
film  (2-3  mil)  commonly  used  as  a top  layer  for  multi- 
layer  insulation  blankets 

(3)  Optical  Solar  Reflecting  (OSR)  tiles  (typically  3 mil) 
of  fused  silica  with  a back  surface  coating  of  silver 
and  Inconel  for  second  surface  mirror  applications 
requiring  high  thermal  emittance  surfaces  (similar  to 
the  performance  of  the  silvered  FEP  Teflon  coating) 

(4)  Glass  slides  of  fused  silica  and  borosilicate  (or 
microsheet)  which  are  used  for  cover  slides  on  silicon 

solar  cells 


approach  TO  THE  PROBLEM 
Transparent  Conductive  Coatings 

Conductive  transparent  coatings  from  semiconductor  - metal  oxides  rep- 
resent one  possible  means  of  controlling  electrostatic  charge  buildup  while 
llvitig  a minimal  effect  on  themattd.d  properties  of  the  spacecraft  m^erials. 
The  mLt  commonly  used  thin  oxide  films  for  transparent  and  ^nductive  coat- 
ings have  been  combinations  of  indium  oxide  and  tin  oxide,  ^e 
of  these  oxide  coatings,  first  developed  as  resistance  beaters  on  glass  sur 
faces,  is  critically  dependent  on  the  creation  of  a proper  oxygen-metal 
balance  during  the  deposition  to  provide  sufficient  conduction  electrons  in 
the  coating.  The  properties  of  these  and  other  metal  oxide  coatings  have 
Je'n  (oSnS  U be  sKokgly  dependent  on  the  condition,  of  the  oubetrote  and 

the  deposition  process. 

Thin  films  of  90%  Indium  oxide  and  10%  tin  oxide  have  been  deposited 


onto  3 mil  ICapton,  5 rail  FEP  Teflon  sheets  and  OSR  and  coverglase  tiles  of 
fused  silica  and  boroslllcate  using  Magnetron,  PC  and  RF  sputtering  and 
resistive  heating  vapor  deposition  techniques.  Deposition  has  been 
demonstrated  both  reactlvely  by  Magnetron  and  DC  sputtering  and  by  Resistive 
heating  from  In/Sn  metal  catgets  In  an  oxygen  and  argon  atmosphere  and  non- 
roactlvely  by  RF  sputtering  from  a dlelocrtlc  Irtdlum/tln  oxide  target. 


Visible  absorptance  and  infrared  emittattce  measurements  of  Indlum-tln 
oxide  (ITO)  reactlvely  sputtered  onto  FEP  Teflon  films  as  conductive  coat- 
ings  In  thicknesses  up  to  900  X show  a definite  dependence  upon  thickness, 
Emittance,  solar  absorptance  and  transmittance  in  the  visible  region  are 
shown  In  Figure  1 as  a function  of  the  coating  thickness.  As  shown,  the 

e«ect  of  the  coating  thickness  is  more  pronounced  in  the  visible  spectrum 
than  in  the  infrared. 


Indium  oxide  and  aluminum  oxide  coatings  have  been  deposited  in  thick- 
nesses down  to  100  A by  resistive  heating  vapor  deposition  onto  FEP  T.flon 
and  Kapton  films  and  ralctosheet  tiles.  The  films  that  were  formed  after 
the  deposition  were  slightly  dark  due  to  oxygen  deficiencies  In  the  coat- 
ings. However,  after  heating  In  air  at  about  220°C  for  a period  of  15  min- 
utes the  coatings  were  highly  transparent  with  sheet  resistances  In  the  lO® 
ohm/ square  range.  The  results  of  these  coatings  are  shown  In  Table  I. 

measurements  between  0.27  and  2.7  pm  show  that  heat  treating  at 
iiU0«C  had  no  affect  on  the  ti-ousmlssion  of  the  Teflon  film. 


^production  of  conductive  transparent  coatings  was  found  to  be  strongly 
dependent  upon  the  deposition  technique  and  preparation  parameters  such  as 
substrate  temperature,  vacuum,  background  of  carrier  gas  and  ratio  of  carrier 
to  reactive  gas,  power  levels  and  geometry  of  sample  to  source.  Heat  treat- 
ment of  the  coatings  following  the  deposition  as  described  above  In  some  in- 
stances was  found  necessary  to  Improve  the  transmittance  of  the  thin  film 
coatings.  Table  2 shows  some  of  the  control  variables  which  have  been  con- 
sidered in  depositing  ITO  by  Magnetron  sputtering. 


The  effect  of  post  deposition  heat  treatment  in  air  is  most  evident  as 
a marked  improvement  in  the  optical  transmission  of  the  films  deposited 
in  both  reactive  and  non-reactive  deposition  techniques.  It  has  been  found 
t.hat  the  addition  of  an  RF  field  to  the  planetary  fixture  dur.^ng  the  mag- 
netron  sputtering  relieves  the  requirements  for  this  post-deposition  heat 
treatment.  The  additional  RF  activation  was  found  to  have  its  most  pro- 
nounced effect  on  the  optical  and  electrical  properties  of  the  film  when 
used  during  the  deposition,  while  use  following  the  deposition  seemed  to 
have  little  to  nv.  effect. 


Other  oxides  of  antimony,  bismuth,  lead,  zinc,  cadmium,  titanium  and 
silicon  were  also  evaluated  using  resistive  heating  vapor  deposition.  All 
of  the  oxides  showed  reasonably  high  transmission  on  microsheet  after  post- 
deposltion  heat  treatment  but  in  general,  showed  high  resistance  Insulator 
qualities  or  had  surface  resistances  which  varied  considerably  from  batch 

CO  DdCCn* 


In  general,  most  conductive  and  reproducible  transparent  coatings 
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were  produced  reactlveXy  by  magnetron  sputtering  oJc  Indlum-tln  oxide  from 
a 904  lndlum/10%  tin  target  In  a closely  controlled  oxygen/argon  atmosphere 
with  an  In  situ  RF  field  applied  to  the  planetary.  The  resulting  ITO  coat~ 
Ings  had  surface  resistances  predominantly  In  the  low  kllohras/square  range  In 
addition  to  a very  low  change  In  the  absorptance  of  the  substrate.  Figure 
2 shows  a typical  spectral  response  curve  for  300  K coating  on  a 5 mil  FEP 
Teflon  film  and  10  roll  boroslllcate  substrate. 


Conductive  Glass  Development 

A lithium  boroslllcate  glass  developed  by  GE  several  years  ago  under 
AFML  contract  F 33615-71-C-1656  with  the  designation  GE-ITL  was  considered 
as  a substitute  glass  material  to  prevent  static  :harge  buildup  because  of 
its  good  transmission  and  resistance  to  high  energy  electron  (beta)  rad- 
iation. A solid  11.4  cm  diameter  sample  of  the  modified  lithium  borosll- 
lcate glass,  was  cast  In^a  shallow  graphite  mold,  annealed  and  finally  pol- 
ished to  a 0.14  cm  (55  mil)  thickness.  A comparison  of  the  transmittance 
of  this  glass  with  fused  sillr.a  and  boroslllcate  is  shown  in  Figure  3A. 

A 1”  X 1"  X 1.8"  block  of  the  lithium  boroslllcate  glass  shown  In  Figure 
3b  was  poured,  annealed,  cut  and  polished  into  1"  square  wafers  about 
0.25  mm  (10  mil)  thick.  These  slides  were  then  coated  on  one  side  with  a 
0.2  ^m  coating  of  sliver  to  simulate  an  actual  OSR  configuration.  Figure 
3c  Is  a plot  of  the  solar  reflectance  and  thermal  erolttance  at  100°F  of  the 
GE  ITL  glass  tiles.  The  spectral  weighted  average  of  these  curves  give  a 
value  of  R = 0.88  and«(  0.12  with  c = 0.86.  Bulk  resistance  measurements 
of  the  0.14  cm  (55  mil)  thick  glass  according  to  ASTM-D257  showed  the  mod- 
ified lithium  boroslllcate  resistance  to  be  of  the  order  of  10^^  ohms. 


Conductive  Adhesive 

Optical  Solar  Reflectors  (OSR's)  of  fused  silica  and  boroslllcate 
(Corning  0211  microsheet)  tiles  have  been  coated  with  Indium  oxide.  Indium 
tin  oxide  and  other  metal  oxides  for  evaluation  during  this  program. 
Typically,  three  Inch  square  matrices  of  one  Inch  pnd  three  quarter  Inch 
square  tiles  have  been  mounted  to  aluminum  plates  as  shown  In  Figure  4a 
for  testing.  A conductive,  low  outgasslng,  graphite  loaded  adhesive  has 
been  developed  to  bond  the  OSR's  and  provide  a conductive  path  fo".“  charge 
dissipation  to  the  spacecraft  structure.  The  adhesive  composition  con- 
sisted of  RTV  566  or  560  filled  with  13%  by  weight  of  Hercules  ^ mm  chopped 
graphite  fibers.  The  RTV  566/HMS  fiber  formulation  produced  a resistivity 
of  about  7.5  x 10^  ohm-cm.  The  conductive  adhesive  In  combination  with  the 
ITO  or  10  coated  OSR's  as  shown  In  Figure  4b  has  been  shown  to  provide  a 
space  stable  adhesive  system  which  provides  a reliable  conductive  path  be- 
tween the  coating  and  the  metal  support  surface. 


Chamfering 

A major  concern  in  using  conductive  coatings  on  OSR's  and  solar  cell 
coverglasses  Is  achieving  a durable  and  continuous  coating  around  the  front 
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stJ^cturf  *"chamffr?nf  path  to  the  metal  support 

tructure.  Chamfering  of  the  glass  edges  In  order  to  deposit  a reliable  hard 

and  continuous  conductive  coating  on  the  front  and  sides  of  the  glass  coupon 

was  demonstrated  as  an  alternate  to  the  currently  used  method  of  weldinr 

conductive  leads  to  contact  points  on  each  tile.  The  capillary  action  of 

thL^'wovldirrK*^'®®^''®  between  the  tiles  when  they  are  pressed  into  position 

betwaan  tha  coating  and  tha  matal 
illustrated  in  Figure  4c.  Glass  tiles  of  fused  silica  and  roicro- 

Doll«h?  r successfully  chamfered  at  a 45°  angle  using  600  grit  emory 

diiiSon  1^0^127^™  shown  in  Figure  5a  under  3X  magnification  whLe  each 

chliferL  2 <5  ">lls).  A final  OSR  configuration  with  ITC  coated 

chamfered  2 cm  square  microsheet  tiles  is  shown  in  Figure  5b. 


Solar  Cell  Coverglasses 

typically  2 cm  by  4 cm  size  were  used  in  fab- 
testing  and  evaluating  the  conductive  transparent  coatings  anj 
doned  techniques.  Coverglasses  of  fused  silica,  microsheet  and  Cerium 
142  ^ bonded  to  the  solar  cells  using  Sylgard  182  or  RTV 

4 arrays  were  fabricated  for  testing  in  two  series  sets  of 

plaJe  ®'*^®‘^tates  with  Sylgard  182  and  then  mounted  to  an  aluminum 

prate.  Resistance  measurements  between  the  transparent  conductivelv  coated 
coverglasses  and  the  solar  cell  circuit  after  mounting  showera  ^h  re^ 

Th±rMph^  ® majority  of  the  coated  coverglasses. 

beJSeei  ^ ^ reliable  conductive  path 

between  the  coverglass  coating  and  the  solar  cell  bus  electrode.  Coatl  .g 

the  coverglass  after  it  had  been  mounted  to  the  solar  cell  did  not  signlfl- 

t™  if  ■-'’Ability  of  creating  a conductive  path  be«Li  tbi 

Ity  of  thls'ihii^^^r  electrode.  To  l«prove  the  conductlv- 

srLnfvo  charge  leakage  path  a silver  loaded  epoxy  1109S  from  Electro- 
bus elec^oL'^a^  junction  of  the  coverglass  and  solar  cell 

dilu?ir5l th%  ? applying  this  conductive  epoxy 

diluted  "ith  3.1  mixture  of  Xylene  along  the  edge  of  the  glass  and  curing 

n air  at  100  C for  90  minutes  * the  resistance  between  the  solar  cell 
ectrode  and  the  10  coated  coverglasses,  as  shown  in  Figure  7b,  was  re- 
duced to  the  order  of  105  ohms  for  all  the  coverglasses. 


Ground  Bond  Development 

betwpen^noni  techniques  were  evaluated  to  provide  connections 

between  conductive  coatings  on  the  Kapton  and  FEP  Teflon  films  and  the 

The  objective  was  to  provide  Integral  Ltal  Jo 

iii  irt??  K environment  of  geoeynchron- 

OU8  orbit.  Four  design  configurations  evaluated  were 


1.  Adhesive  bonded  metal  to  polymer  and  ovarcoated  with  con 
ductlve  oxide 


2.  Heat  sealed  metal  to  pol}noer  bends 

3.  Adhesive  bonded  metal  to  conductlvely  coated-  polymer 

4.  M«xhanlcal  clamp  to  the  conductlvely  coated  polymer 

X aTris- 

'l.3  TxW  JaSs%ns«T"  5'T" 

S£r;.™.£ 

r.:;^-L“5:S£S“£S 

a aolS^Jabir^tlrrS?  a'^'.  P»ly"«s  f»--  attachlnB 

= -r  S^rr  ^ 

Tpfirm  *.  showed  much  greater  adhesion  to  the  ITO  coated 

mar^r '>»"-•  aoujrSe'obtnned’'® 

tbaaa  bonds  "‘LsHr""  ““■*  °“ 

oloctrlcaXly  8tabXo'‘5or!nn^‘jS«rcycl!rteat\ Pontlguratlons  ware 


STATIC  CHARGE  TESTING 
Test  Facility 

Xn  Flgllra1r“?hf  faalfir7ja®a“^  '"f '“‘IXty  la  ehown  achawatXcally 
^noh«o  d ia  facility  is  designed  to  irradiate  flat  samples  un  to  4 S 

ihJcriflnuIaJty  ‘ 

wnxen  IS  initially  In  the  mid  10  ' Torr  ranerp  Tho  a<.o4«>.d. 

airoii  ?bf dir‘jirLi„r„rih?;"  ‘££r"' 

tor  suiface  le.nk.nge  current  monitoring,  ^ 
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A secondary  electron  ci^ Hector  cylinder  Is  also  part  of  the  system  which 
can  be  swung  in  place  around  the  sample  during  irradiation  to  monitor  charged 
particles  leaving  the  surface  of  the  sample,  A Monroe  model  144-1009s  non- 
contacting electrostatic  voltmeter  probe  is  mounted  on  a rotable  arm  which 
can  be  swept  across  the  sample  surface  when  the  secondary  cylinder  is  not 
in  place.  During  Irradiation  the  probe  may  be  swung  completely  out  of  the 
way  of  the  beam  or  may  be  used  to  measure  surface  potentials  during  irrad- 
iation. 


Coating  Charge  Control 

Indium  oxide  (10)  and  indium  tin  oxide  conductively  coated  FEP  Teflon 
and  Kapton  films  were  tested  in  the  charging  control  facility.  Bulk  (Iq) 
and  surface  (l|^)  conduction  currents  were  recorded  for  beam  potentials 
between  2KV  and  20KV  for  the  first  several  minutes  of  irradiation  and  also 
following  shut  off  of  the  i lectron  beam.  Initial  maxima  and  steady  state 
values  for  the  10  and  ITO  woated  3 mil  Kapton  and  5 mil  FEP  Teflon  are  shown 
in  Tattles  5 and  6.  Surface  potential  measurements  using  the  Monroe  electro- 
static voltmeter  follov>?ing  Irradiation  at  beam  potentials  of  lOKV,  15KV  and 
20KV  showed  surface  potentials  of  less  than  5 volts  for  all  four  materials 
tested. 

The  typical  liae  shape  of  the  conduction  currents  Iq  and  Ir  as  the 
electron  beam  was  turned  on  and  off  for  the  Kapton  and  Teflon  materials  is 
shovm  in  Figure  11.  Integration  of  the  current  over  the  transient  portion 
of  the  current  curves  slu>w  that  most  of  tlie  charge  deposited  in  the  film 
below  the  coating  was  quickly  dissipated  when  the  beam  was  turned  off  as 
siiown  in  Table  7, 

Electron  irradiation  tests  were  also  conducted  on  the  ITO  coated  Kapton 
and  Teflon  samples  for  several  hours  over  a period  of  six  months.  Between 
these  tests  tiic  samples  were  stored  in  a dust  i ree  eiivironmunt  at  rooni  tem- 
perature. Following  this  series  of  tests  no  visible  sample  degradation 
was  observed  and  the  surface  resistance  measurements  on  the  sample  were  in 
the  4-lOxlO^  ohm/s<|uart‘  range  ht‘lort»  am!  after  the  irradiations. 


Ground  Bond  Tests 

The  copper  foil  grounding  connect  ii>c  on  Kapton  using  Pyralux  adhesive 
and  overcoated  with  conduit ive  transparent  indium  oxide,  shown  in  Figure 
8 was  tested  under  electron  Irradi  ition.  Tlie  surface  current  electrode 
was  IsolatiHl  from  the  perimeter  of  tlie  sample  except  at  the  ground  tab. 

The  bulk  and  vsurface  leakage  currents  were  similar  in  character  to  those 
reported  in  Table  6. 

Ground  bonds  soldered  to  conductive  copper  tape  or  copper  tab/con- 
ductive epoxy  and  bonded  to  ITO  ct»aled  films  of  Teflon  and  Kapton  were 
also  irradiated  by  2KeV  to  20KeV  electrons.  Figures  12a  and  12b  shows 
the  general  test  conflguratlm  for  the  two  bonding  methods.  Figure  12c 
shows  the  detail  of  the  copper  tab/Fccobond  5bC/ ITO  ground  connector  on 
the  Teflon.  Bulk,  surface  and  secondary  collector  currents  were  similar 
to  those  reported  above,  lliiwcver:,  surface  potentials  up  to  -lOOV  were 


mcasurt^d  on  samples  shown  in  Ftnures  1 2b  and  c when  irradiated  at  20KV  Those 
■surfac-,  pot™tl„ls  wore  ooptorod  nn.und  the  solder  Joints  on  tin  «;S  taSr 
end  exdiilnatlon  alter  the  test  revealed  tliat  traees  of  solder  flux  on  the 
leads  was  responsible  for  the  shtall  charg?  accumulation. 

OSR  Matrix  Testing 

IrradlatL*  Uuratlons  tested  under  electron 

xrradiatioii.  The  effective  conductivity  or  ch  t-ce  control  of  the  cranhtm 

Joaaed  RTV  566  was  measured  under  electron  irradiation  to  provide  n base- 

^ ne  or  . uture  OSR  matrix  tests  usiup,  the  conductive  adhesive.  Table  9 

suriticc  potentials  measured  fol.lowim;  irradiation 
>»how  that  Che  material  charged  nominally  to  between  -90  and  -160  volts. 

Uncoated  OSR  Matrix 

®9uare  matrix  of  nine  square  tiles  of  fused  silica  wlth- 
ut  any  conductive  coating  was  exposed  to  monoenergetlc  electron  beams 
Wen  2KeV  and  20KeV  at  nearly  lOnA/c.,2  for  several  minutes  ThHlasses 
bacLrr'  i’**'  conductive  adhesive.  Currents  measured  through  the 

irS  r:o"'T  -•*  ‘I-  — d„rv  ,:„Uo.l„r  nru'nh^ 

voUmeJer  potential  exccod.ed  the  range  of  the  Monroe 

a irradiation  in  a 4KeV  beat,  but  dM  not  show  electro- 

sirj  i"  •»  15KOV  beam.  Reducing  the  beam  den- 

similar  reduced  the  discharge  rale  hut  not  proportional  Iv.  A 

xximilar  set  of  measurcraerts  and  obse-vat  ions  were  made  on  a 3 inch  square 
matrix  ot  uncoated  OSR  tiles  of  mlcroshee.  . Similar  currents  .uid  p^J^^ials 

“ir.  0ccar’r''lh  ^-5"  .ll.n«u,t..r  sample 

aria.  Decay  of  the  surlace  potential  following  Irradiation  at  6KV  followed 

au  uxpunuutlal  Jaca,  vary  closvly  with  a 12.  S miuuto  uL  "„nst.:  ,m"r 

initial  potential  of  about  -2100  volts. 

An  uncoated  three  inch  square  matrix  of  16  chamfered  10  mil  thick 

microsheet  tiles  using  the  conductive  RTV  was  also  tested  under  electron 

arbef^r'f’  Sim  liar  current  and  surface  potentials  were  measured 

tL  15K.V  btL  ?rr';VrT.“"“’jr''.'“'’"  ■'‘“‘■'’•"■fVlnK  wa.s  ohservad  Jarlns 

the  15ReV  beam  irradiation,  the  discharge  rates  were  not  as  regular  as 

before.  Hgure  1.1  shows  the  variation  of  sui  face  potential  with  electron 
beam  energy  lor  this  uncoat od  OSR  up  to  6KoV  irradiation. 


Conductlvely  Coated  OSR  Matrices 


An  OSR  mosaic  of  16  ITO  coated  2 cm  mlcrosheot  tiles  mounted  with 

beam^wtJr  aluminum  plate  was  Irradiated  in  an  electron 

‘>eam  with  energies  up  to  20  KeV.  The  peak  and  steady  state  bulk  leakage 
and  secondary  collector  currents  arc  listed  In  Table’ 11.  Note  that  in^ 
contrast  to  the  uncoated  sample  currents,  tlie  initial  peak  Is  much 
smaller.  Indicating  a much  smaller  subsurface  charge  deposit  *^han  in  the 
ncoated  materials.  Surface  potential  measurements  with  the  capnc Itlv’l v 
coupled  probe  gave  maximum  surface  voltages  of  37'',  46V.  and  4,5V  alter 
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irradiation  by  lOKol'.  ISKeV  and  20KnV  nleotrons,  respectively. 

with  ^oi:t‘l:e":;i;‘*iv°:  zr. 

Mated^tlUs  ‘°Mear°  '-''“■■B*  -lenonstrlted  by't£'~" 

of  rsuSsi“;ee  cSajnrpeo^  o^'tSfiTJ"  ‘“k 

lldlble  Charge  boX  o^'^:;^s  "e^pL^  “ "“B- 


Conductive  Class  OSK 


&rstg„^‘jnar  ^a'jg:t?L\rr:Li?:sn-j:cV'  L;^  f F 
dLs!troflL^r}S%J?"^rLrr  ®‘T  “■"  ‘■’'-°Bo“Kae 

because  the  relative  conductance'^of^i^h  ^ ''^‘s  used  on  these  samples 

buildup.  conductance  of  the  glass  prevented  any  surface  charge 


lour  solar  cell  arrays  were  tested  under  irradiation  bv 
plosnitis  wXtli  cncrciGs  no  t’n  tu  r ^ i*cctron 

::s:: :;  rz::;^  rS'S.,  "■  “S“~s  zrz. 

S£:.r.'£S  ™ 
r“~~ 

“LJectJwtf  “£5r  '“Bosure  to  bean,  energies  of  b)  10.  Is  L "oKei 
attJibitld^rA  surface  potentials  for  this  uncoated  sample  was 

0.2nA/cm2  durlug'thls  seror^LS^L'. 

indi„^:L"r"?L"u^.r^‘r„f:“L=sir::« 

O ar  array  without  any  conductive  epoxy  applied  to  the  coverglass/ 
solar  cell  bus  area.  Measurements  were  terminated  after  observine 
severe  discharging  while  being  irradiated  in  a 5KeV  beam  wltn  ^^rrent 

solaJ  Ln  bu^/*""  ’ discharging  disappeared  after  the 

solar  cell  bus/coverglass  junction  was  overlaid  with  a coating  of 

tlectrosclence  1109S  conductive  epoxy  and  retested  In  an  electron 
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bean,  at  anerslaa  up  to  2OK0V  wttl.  bean  donaltlou  up  to  5uA/cn|2. 

c«udu«!.reJo^^“  “S  coverglaopoo  with 

Low  surface  peuutial.  of  mf  2??.  '“f'nS;'  *'’*  ““  •Lectrode. 

20KeV  beam  potentials  Indicate  that  no  cieuifn”*^ 

occurring  on  the  solar  cell  coverglasses  charge  build  up  was 

array,  before  and  after  the  lrradif.r<«  < ^ performance  of  this 

a slight  decrease  la  the  power  outnuc  of  ®.  Figure  U and  Indicates 

nitude  decrease  in  power  outoL  «»a8" 

a'ter  electron  IrradUtL^  array® 

glasses  from  Pelklngton%*^E^^(ppEWa^*^*'i^®*^^“"  doped  mlcrosheet  cover- 
with  energies  up  t^lWeV  ^SD  facility 

Monoroe  probe  ZvTnJSu\^^t  with  the 

In  contrast  to  the  lo^  irradiation  in  a 6KeV  beam 

Due  to  high  surLce  c^g^acc^^^^^^  f coverglasses. 

xt  is  evident  that  the  doping  is  insufflclenr®irt®*^^'^^  doped  coverglasses 
static  charge  buildup  and  further  t-e«rc  « the  electro- 

to  destroy  the  cells.  The  sAme  r j®*^®  terminated  in  order  not 

observed  in  these  cells  shown  in^P?  decrease  In  power  output  was 
ccctcd  ecu  as  a irrldSt^^ic^s”' 


Electron/UV  Exposure 

combined  I^^rronHiS  l^hf  eSuiJalent  I7l  ®’',T®‘* 
samples  which  were  tested  weJf  n vf  ? ®in  ^ *“*1  thick 

which  had  been  heat  treated  at  200Oc  for^xn  i 'teflon;  2)  FEP  Teflon 
a 200  Mi)  conductive  coat *nn  of  ?!h  ??  “inutes;  3)  FEP  Teflon  with 

as  in  Wo.  2 and,  4-6)  thJee^samplcs^witr^'^^a'^^^?’'  **®'**^  treated 

oxide  of  different  tLc^TsslTltd  . ll,  conductive  coatings  of  indium 
oxide.  The  10  and  chrome  oSL  eoafi  ^ ” 5 overcoating  of  chrome 

tance  heating  at  1x10“'*  Torr  Oa  oart-iA?^  ”^*^®  ‘*®P°®^ted  with  the  resls- 
deposited  in  thicknesses  of  350,  500,  Tlble^lf  ““ 

^he  solar  frT;L%^e- 

ing  of  the  Chromium  --  FJ". 


fuu/“S  r"JroduJtMJXoaUcd‘'aa  cXX.“” 

Blasa,  Kupton  and  Ff.P  Teflon  sheets  a.  Wr.*'"'  '“atlnes  onto 

oeltlon  by  Mapnetron  sputteUo.  hf!  V “f  °”°  ObP- 

m-if„m  cLt.nesXh  Sr^eli  produced  the  moat  couslotent  and 

lr.p  le  coatlups  X if'‘r“‘ft«  '^tV 

riom  the  uncoated  substrates* 


prosrom  hps*beon^fabn?at^°ln*o“rm^?lf  •>»  ® under  another 

e eljolated  aebetom  envtronien?' tavraiiSnTti 

Incident  charge  flux  and  Drevbni-  „„  u ^ ability  to  dissipate  the 
cf  ductivity  of  the  OSR  bonding  aSesiIrK«®r“*““J®‘^®"-  elective 
tion  of  graphite  fiber  to  provide  a condurtfo^®^"  increased  by  the  addl- 
conouctive  coated  OSR  or  conductive  giasrairtr*^^^®^'^''®"  trartspareni 
structure.  The  chamfering  of  the  OSR  clLf ^ spacecraft  grounding 

with  the  conductive  coatings  to  orovlde  J denonstrated  along 

rom  the  front  surface  to  the  conductive  adbLivey^^^***^®  conductive  path 

to  drfirjhe  chargf bulWuS"f?orthrL‘'r"  their  ability 

Teflon  atd  Kapton  films.  The  bonaJ  h coated  surfaces  of 

under  electron  irradiation  in  a simula^d  cycled  and  tested 

to  prcvldo  , Stoble  conductive  patrbM^errJrr:' 

spacecraft  ground.  ^ oetween  the  conductive  coating  and 

now  >>ulS%u«hefiv^^eted”fo’d«emtae*rt^^^  techniques  ere 

sTe:~“‘ti‘?rr:  "r™ 

will  evaluate  the  scale  up  of  tLse^processes^f ^“*^*^**®*^  development 
behavior  In  larger  and  coLlnad  e“vlro^“tr  “<*  '"'‘t 


Table  1.  Summary  of  Vacuum  Vapor  Dopoaited  Trandparont  Conductive  Qkide  Films 


3ACKGR0UK0 

MATERIAL  OEPOSIHON  RATE  OXYdEN  PRESSURE 


2SA/MIN. 

SAIMIN. 

ZSA/MIDL 

ESO^IN 

25CMMIN 

SOA/MIN. 


SxId’TORR 

UIO'^TORR 

UIO'^TORR 

5»ld‘®T0RR 

IxIC'^TORR 

IxlO'^TCtR 


HEAT  AT 
TAPE0  425RP/ 


SURFACE 

, RESISTIVITY  01 

UMIN.  I TRANSPARENCY  0/0 


NODETtCtABLE  SxId'TOSxld* 

INCREASE  IN  t < 

TRANSMISSION  S x Id'  TO  S x Mr 

BEFORE  AND  , , 

AFTER  TEST  INC  5 x lO'  to  5 x l(T 

5x10^  TO  5x10^ 


SUBSTRATE 


MICROSHEH 


Sxld^TOSxlO^  MiCROSHEET 


5x10^  TO  5x10'* 


microshEet 


Table  2.  Magnetron  Coated  FEP  and  Kapton 


O2  Partial 
Pressure 
Torr 


3. 8x10-4 
4,4x10"4 
4.4x10-4 
6. 5x10-4 
5,5x10-4 

3.  5x10-4 
3. 5x10-4 
6x10-4 
6x10-4 
6x10-4 

4.  0x10-4 


Process  Temp 
(®C) 


Evaporation 

Rate 

X/MM 


Thickness 

A 


Surface 

Resistivity 

n/0 


A Transmission 

% 


Slow  rate  of  evaporation  enables  more  complete  oxidation  of  HOi  Increasing  resistance  and  insulating  properties  ot  fllr 
Post  bake  at  3G8°F  for  4 hours  reduced  surface  resistance  to  1300  O/o. 
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Copper  Ground  Bond  Adhesion  Strength 


i - no  measurable  adhesion 
substrate  tore 
Hysol  adhesive  EA956 
3M  brand  conductive  tape  =»11S1 


Table-4.  Extreme  Values  of  Surface  Resistance  During  Thermal  Cycle  Tests 


Configuration 

Minimum  Resistance 
(lOSfl) 

Maximum  Resistance 
(105  n) 

Copper  Tape  on  ITO  FEP  Teflon 

0. 240 

1.  57 

Copper  Tape  on  ITO  Kapton 

0.114 

0. 472 

Mechanical  Clamp  on  ITO  Kapton 

0.032 

0.  078 

Mechanical  Clamp  on  ITO  FEP  Teflon 

0.  285 

3.64 

Copper  Tab/EA  956/lTO  Kapton 

0.  036 

0.  040 

Copper  Tab/Pyrolux/ITO  Kapton 

0.  033 

0.  037 

Copper  Tab/56C/ITO  FEP  Teflon 

0.645 

1.  52 

Copper  Tab/56C/rro  Kapton 

0. 133 

0.257 

Table  5.  Summary  of  Current  Measurements  of  lO  and  ITO  FEP  Teflon® 


lO  Flip  Teflon  (Sample  No.  44) 

1 ITO  FEP  Teflon  (Sample  No.  37)  I 

Ucani 

■d' 

•h 

■s 

•d 

‘n 

■s 

Potential  (kV) 

Max, 

s. 

Max. 

S.  S. 

s.s. 

Max. 

s.  s.** 

Max. 

s.  s. 

S.  S. 

22 

0. 05 

0.  03 

11 

11 

160 

0.8 

0.  05 

99 

^ 

26 

240 

6 

0.1 

0.02 

220 

ISO 

90 

2.2 

0.  05 

270 

150 

125 

10 

0.  25 

0.  02 

360 

20C 

75 

2.6 

0.05 

280 

209 

90 

15 

0.4 

0.  02 

300 

200 

55 

3.5 

0.05 

450 

310 

U9 

20 

0,  65 

0.  02 

300 

200 

45 

4.5 

1 

0.  OS 

470 

34P 

65 

^ All  currents  In  units  of  nanoamperes 

e 1 

D 

bulk  conduction  current 

Steady  State  surface  conduction  current 

l„  eccondary  collector  current 
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Table  6 . Summary  of  Current  Measurements 


of  10  and  ITO  KAPTON® 


Table  7.  stored  and  Drained  Charge  From  lO  Coated  FEP  Teflon 


Beam  Pot.  (kV) 


Charge  Stored 


Cliarge  Leaked 


10 

15 

20 


1.21 X 10“®  C 
1.47  X 10*®  C 
1.  89  X lo”®  C 


0.  53  X 10*®  C 
0.  80  X 10  ® C 
0.  84  X 10“®  C 


Table  8.  Conductive  OSR  Development  Test  Matrix 


TEST  SAMPLE  | ADHESIVE 


ATERIAL 


ODIFICATION 


lusod  Silica^,  I”  Square 
(Corning  7940) 


tlcrosheet  I**  Square 
(Corning  021t) 

* H ^11  •• 

. M •* 

• 2 cm  ** 

' ” 2 cm  ** 

2 cm  •• 

2 cm  " 


3"  X 3' 


4.5**  dlam  jsolid  disc  4,5”  dlam 
1'*  Seuare  (None  3"  x 3*' 


3M  X 3.1 
3..  ^ 3M 
3.1  X 3.. 
3..  ^ 3.. 
3M  ^ 3». 


COATING 
FRONT  I BACK 


Cond.RTV 


3"  :c  3**  Cond.RTV 

4.5**  dlam.  Cond.RTV 


Cond.RTV 
Sylgard  182 
Cond.R'nr 
Cond.RTV 
Cond.RTV 


ITO  |Ag 
G 


GE-ITL 


2 cm  ** 
2 cm  ** 
2 cm  ** 

^ti  »• 


3..  3.. 

3"  X 3** 

3..  ^ 3.. 


4.5"  dlam  Solid  disc  4.5**  diam 

4.5**  diam 


Cond.RTV 

Cond.RTV 

Cond.RTV 

Cond.RTV 

Cond.RTV 


10  Ag 


Table  9.  Sujnmary  of  Currents  In  RTV  With  Graphite  Filler 


Bemi 

PoCentiaL 
(k 


Id 

Steady  State 
(nA) 


Steady  State 


Surface 

Potential 


20 


490 


90 


09 


Table  10.  Smnmaiy  of  Currents  of  Unuoated  Fused  Silica  Square  OSR  Mosaic 


Potential 


90 

>100 

190 

>200 


Max.  Surface 
Potential 


l^i 


.400 

•2240 


Table  11.  Summary  of  Currents  in  ITO  Coated  Microsheet  OSR  Mosaic 


Beam 

Potential 

(KV) 


(nA) 


260  200 


111 


80 

140  I no 


Table  12.  Summary  of  Currents  in  ITO  Coated  Chamfered  16  Tile  Microsheet 

(2  cm  square)  OSR  Matrix 


Beam  Potential 
(kV) 


Ij 

% 

*R 

Initial 

S.S 

Initial 

S.S 

S.S 

(nA) 

(nA) 

(nA) 

(nA) 

(rA) 

100 

100 

100 

90 

70 

140 

180 

70 

45 

26 

200 

30 

25 

16 

230 

250 

45 

40 

14 

220 

240 

35 

35 

14 

Surface 

Potentia 

(V) 


$ 


Table  13.  Sufnmary.of  Current  and  Surface  Potential  on  Gfi~lTL  OSH  Mosaic 


Surface 

Potential 

(V) 


Table  14.  Average  Transmittance  for  Coated  and  Uncoated  FEP  Telfon 

Under  Electron/UV  Exposure 


Sample 

Pre  Test 

Transmittance  (%) 

Post  Test 
Transmittance  (%) 

FEP  Teflon 

90.3 

87.  0 

FEP-Tefloa 

(Heat-treated) 

89.5  j 

87.  5 

FEP/IO  (200  Mn) 

84.6 

79  6 

FEP/IO  + CO^(2  KMn) 

35.0 

82.  0 

■FEP/IO  + CO  (200  Mn) 

1 

84  4 

81.  7 

FEP/IO  + CO (2  Mn) 

81.8 

Y8.  9 

CO  - Chromium  Oxide 

39NVXllMSNVai 


Figure  1..  Optical  Characterization  of  ITO  Coating  Thickness  Dependence 


Tmimlctanctt 


Reflectance  ( 


' (.Avnivc 

Figure  3a.  Transmittance  of  Fused  Silica,  Borosillcate  and  GE-lTL  Glass 


Figure  3c.  Solar  Absorptance  and  IR  Emittance  of  GE-lTL  Glass  (10  Mil) 


Figure  4ft.  OSit  CoufigUrfttlon  of  ITO  COftted  Ohe-Inch  Squbre  Miorosheet 

lOOAlTOONOSII 
SURFACE  AND  CON- 

CONOUCTIVE  FILLET  TINUOUS  AROUND  EOOE. 


ELECTRICALLY  CONDUCTIVE 
RTV  666 16N  r raFHITE 


08R 


ALUMINUM  BACkFLATE  ELECTRODE 


Figure  4b.  Continuous  Antistatic  Grounded  OSB  COnfigiiratidn 


ELECTRICALLY  CONDUCTIVE 
RTV  666  15%  graphite 


Z1 


dSR 


aluminum  BACKPLATE  ELECTRODE 


Figure  4c.  Continuolis  Antistatic  Grounded  Chamfered  OSR  ConfigiuNition 
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igure  5a.  Chamfered  Edges  of  10  Mil  thick  Euaed  Silica 


Figure  6.  Active  Solur  Cdl  Array  with  Uncdated  Microsheet  Cover^lass 


TWADiTlOWAL 

MirMOD 


ligTMdD  UKOCR 
dtVgLONdgNT 


OflOli^ib 

CONNECTION 

CEU. 

CONNECtlON'^ 


CELL 

CONNECTION  . 


I — I COVEN  CLASS 

I WAFEN  P 

-CONDUCTIVE  PAINT 

I r coating  APPLIED 
\ \ APOt.NO  POLIStlED  EDGE 


COVEN  GLASS 
^WAPEN 


^ CONDUCTIVE  COATINO 


-CONDUCTIVE  COATING 


" ' nn  W\  vs 

Eigure  te.  Grouhded  Coverglass  Design 


Figure  7b*  Active  10  Coeted  Soler  Cell  Arroy  with 
1109S  Conductive  Epoxy  Ground  Strib 


MCSS^VATCC  KI0*O 


Figure  8.  Coiiper  Foil  Gtdunding  Connection  on  KaptOn 
Uding  Pyralux  Adhesive 


TCMPCRATUIte 

Figure  9.  Resistance  Cycling  of  Conductive  Cop{ief  Tape 
Ground  Strap  on  ITO  and  FEP  Teflon  (10  ixA  Current) 


Figure  10.  EST  Test  Facility 


Incident  Beam  Energy  (KeV) 


OUTPUT  VOLTAGE  (VOLTS) 


Figure  16.  2x4  Ar»y  Witt  PPE  Gl«,e  wittout  Conductive  Coetlng 

After  Electron  Irradiation  ” 


K79"240  35 


ELECTRIC  FIELDS  IN  IRRADIATED  DIELECTRICS 

A.  R.  Frederlckson 
Rome  Air  Development  Center 


ABSTRACT 


dielectrics  Is  ^ed  to  deL*^rete”the^lmi*''^t**^*^^^”^  electric  field  bulld-up  In 
suits  Indicate  thst  Sec^?rrSls«o  psrameters.  L- 

"sterlals.  ParsmeMrs  S i^e^  J ‘">>»«ant 

to  tnc«  irradiation  Induced  dlelectrlcTargllg^^llJaSLnt^TdtcuSr'^^^^ 


INTRODUCTION 


trie  surface  Producl^\nternarcharge'"de^^  penetrates  a dielec 

:pt:'i;rarL“:hKe^r 

Intensity  laboratory  irradiation^  It  hSs  dielectric  work  under  low 

be  made  to  spontaneously  breakdown  /’fH«  ti  *•  ^een  known  that  dielectrics  can 
1.2)  and  that  breakd^fm^rocerduS^^^^^^  Irradiations  (refs, 

atlon  (ref.  3).  The  LlchtLberg  figure!  ?Lf  n cessation  of  the  ir-radi- 

discharges  are  clear  indications  that  Intimai  h\v**^*^**  result  from  such 

involved  in  the  discharges.  Work  with  samD?!^  fundamentally 

cates  that  very  large  '10®  V/cm)  fl«»liiQ  aJ^  f have  not  discharged  Indl- 

trlcs  (refs.  4 to  6)  We  Jii  ^ ^re  often  generated  In  irradiated  diele« 
to  calculat;  thri!^;^!  !l!!tS!  fifir^'j:  methodology* 

ties  for  irradiated  dielectrics  under  densities  and  current  densi- 

clple  the  methed  esu  be  used  for“SL  mSis2Z‘uT  1"  Prln- 

rsueters  bus  act  ,et  been  .ua„tUa?lveV“e”i:“d‘Sr‘X"r“dL'?l«‘  "*- 

teresf  I”*  »*  1»- 

Ing  area.  The  effect  Is  usually  reDorr.s”f^  be  helpful  to  the  spacecraft  charg- 
100  kev  but  has  als“been“«i  for  above 

with  a large  physical  flaw  in  *-ha  a j figures  are  often  associated 

the  irradlftic.!  "uLch^^ges  if 

pies  x^ith  initial  figures  can  nroanr.  always  produce  figures.  Sam- 

quent  additional  irradiations.^  w!  theSfJJrd^d!!*"®!!®!®  figures  upon  subse- 
may  discharge  spontaneously  under  irradlfuL  dielectrics 

density  and  that  dielectrics  charged  ud  b^  In  regions  of  high  flaw 

micrometeorite  impact  at  a later  time  ^ ^ l>^tadlation  can  be  discharged  by 
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Early  work  on  discharges  in  Irradiated  dielectrics  u 

to  the  sattple  material,  the  nature  and  <|uaittum  eneiJgy  of  the  radiate  oft 
toux  expa.»«  «,ut«a  to  Induce  dlecbirge.  C'rUal  g5weXlSrh«;  Wn 

oa«.‘’VchMge  tlchtenberg  flgutee  baaed  on  uhat  worked  In  the 

resulted  II5  dJj  radiation  beam  energy  or  the  sample  size  or  shape  ofteh 
lnJe.?L«fS  T?  ‘ expXanatlona  tor  such  effect,  were  not  ,iantlt“ 
avIliLi?  f ?*  ? recently  has  some  basic  data  and  ittodelllng  become 

SlliSjLadTSe^tS'c^Irnn!,^:-'  •lectJLIJn?. 

From  work  in  the  various  subfields  of  ’-adiatiOn  transport  fobotou 

s:i?:r£iT£r£«:5S£-^^^ — « » " 

electric  conduction  in  Irradiated  dielec- 
trics has  been  theoretically  (ref.  11)  and  experimentally  (ref  12)  investi- 

cu«fnts^rd^^K  ittvestigations  allow  us  to  calculate  the  conduction 

the  dleleSJi  s®  currents  arising  from  the  space  charge  fields  1^1 

tlon  JroSMefcan  eiS«®c!“‘'  theoretically,  as  we  see  below,  that  the  conduc- 
infoJSIJJf!  r r n ® prevent  the  development  of  breakdown  fields 

thftTgreat^^oinfof^u  (fef-  12)  in  the  literature  Indicate  ’ 

u-I^g  apXa^Sr'*”-"  »'  “ sru- 

data  to  MaLs??U  radiation  transport  data  and  the  dielectric  conductivity 
of  s equations  and  predict  the  transient  ot  steady  state  response 

dlmens^ofTref  Particularly  simple  In  one 

I-Iotifi  o«  ‘ ®15"°“®**  1 believe  we  are  constrained  to  numerical  solu- 

culatlon  in^thls^na^*^  perform  such  a one-dlmensiortal  (1-D)  cai- 

culation  in  this  paper  to  illustrate  the  generic  effects  and  the  Important  dL 

rameters  which  relate  to  the  bulk  dielectric  breakdown  problem?  ^ 

data  example  we  choose  to  look  at  is  dictated  by  availability  of 

radiation  transport,  availability  and  ease  of  experimental  comparison 


MODEL 


The  sample  and  irradiation  geometry  are  shown  In  fleure  1 The  front-  nna 
rear  electrodes  are  assumed  to  not  per^^rb  the  r^ia^lon^^LsporfL  Jh^d?- 
electrlc,  the  amount  of  perturbation  can  be  calculated  and  is  truly  negllelble 
In  this  arrangement  with  electrons  (ref.  15).  The  front  electJode’^mCsf  Je^ 
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thin  relative  to  an  electron  range  and  the  ifeat  electrode  must  be  similar  in 

dielectric.  If  the  electrodes  violate  these  conetraxttts 
it  is  possible  to  correct  “exactly"  fot  the  effect  by  use  of  electron  transport 
codes  but  that  Irtvoiyes  extta  work  not  related  to  the  problem  at  hand. 


Fot  most  Of  the  calculations  presented  below,  the  Teflon  was  0.3  cm  thick. 
It  has  sometimes  been  found  that  breakdown  occurs  more  readily  in  samples  be- 
tween  one  and  two  electron  ranges  thick  and  thus  the  choice  of  0.3  cm.  Results 


The  irradiation 
chosen  to  correspond 
tlons  have  been  made 
to  dark  conductivity 
duced  by  10^  or  more, 
these  effects. 


Intensity  may  be  high  for  spacecraft  purposes  but  is 
to  easily  realizable  experimental  conditions.  Calcula- 
for  various  intensities,  and  nonllnearltles  which  are  due 
effects  do  not  become  important  until  the  intensity  is  te- 
For  purposes  of  demonstration  only  we  wish  to  avoid 


Grounding  or  fixing  the  bias  on  both  electrodes  makes  an  immediately  tracf 
able  situation.  If  we  allowed  the  front  surface  to  float,  the  calculation 
would  become  more  complicated  without  improving  our  understanding.  Because  of 
(a)  secondary  emission  effects,  (b)  the  simultaneous  presence  of  positive  and 

I!  satellite,  and  (c)  photoelectron  emission, 

it  seems  that  usually  a dielectric  surface  will  not  charge  beyond  10^  volts 
relative  to  the  rear  electrode  (body  of  the  satellite).  It  is  clear  from  the 
results  that  10  volts  on  the  surface  will  not  significantly  alter  the  large 
internal  fields  generated  in  the  dielectric.  Thus,  grounding  both  electrodes 
s not  expected  to  devldte  from  the  situation  seen  on  real  satellites  within 
the  dielectric  except  in  unusual  cases. 


n»e  equations  and  numerical  techniques  have  been  completely  described 
elsewhere  (re'.  7).  The  dielectric  is  initially  net  charge  neutral.  The  ir- 
radiation begins  at  time  t = 0 and  continues  uninterrupted.  As  electrons 
accumulate  in  the  dielectric,  electric  fields  build  up  resulting  in  the  gener- 
ation of  significant  conduction  current.  The  conduction  current  also  causes 
charge  to  be  moved  around  and  deposited  in  the  dielectric.  This  is  a dynamic 
process  which  continues  to  change  dramatically  as  the  irradiation  progresses 


At  selected  times  we  can  use  the  computer  print-out  to  monitor  the  spatial 
charge  density,  electric  field,  net  current  density  (sum  of  incident  electron 
beam  current  and  conduction  current)  and  meter  current.  The  meter  current  is 
Mathematically  determined  by  integrating  the  net  current  density  over  the 
thickness  of  the  dielectric;  it  can  be  thought  of  as  the  image  current  flowing 
to  the  rear  electrode  so  that  the  electrode  remains  at  ground  potential.  As  w 
various  quantities  change  during  the  irradiation  we  can  understand 
the  physics  of  the  process. 


..  It  is  instructive  to  vary  the  parameters  which  describe  the  dielectric  or 
the  radiation  and  see  the  resulting  changes.  This  provides  further  insight 
into  the  complex  physical  processes  which  take  place.  As  in  all  numerical 
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solution  techniques  It  Is  difficult  to  pick  out  the  parameters,  a>priorl,  that 
are  critical  to  our  situation.  Hottever*  With  a few  runs  given  below  we  can  see 
that  certain  parameters  arc  Important  to  the  spacecraft  charging  pfoblem. 


REStlLTS 


The  Calculation 


Figure  2 describes  the  current  directly  attributable  to  the  motion  of  the 
incident  electrons  as  they  Scatter  and  lose  energy  in  the  dielectric}  notice 
they  are‘  all  stopped  before  penetrating  0.25  cm.  this  curve  is  an  approximate 
fit  to  Monte  Carlo  data  (ref.  17)  using  the  function  A exp(l  - exp  Bx")  and  is 
open  to  argument  since  very  little  data  is  available.  However  the  shape  is  es- 
sentially Correct  and  should  serve  our  purposes  Well. 


We  calculate  the  rate  of  charge  deposited  by  this  high  energy  electron 
current  from  the  continuity  equation 


^ dJ 
3t  ” dx 


(1) 


in  one  dimension  where  p is  the  charge  density,  J is  the  current  density, 
and  X is  the  depth  in  the  dielectric.  We  then  determine  p(t)  from 


p(t)  ^ p(t 


(2) 


Figure  3... shows  the  result  for  t " 6 seconds. 

We  can  use  several  methods  (Gauss'  law  is  sufficient)  to  determine  the 
electric  field  resulting  from  such  a space  density.  The  electric  field  result- 
ing from  the  space  charge  density  at  t “ 6 seconds  is  shown  in  figure  4.  Hote 
that  peak  fields  ate  rapidly  approaching  lO^.  V/cm.  Such  large  fields  must  re- 
sult in  some  conduction  current. 

There  are  many  many  models  we  can  use  to  estimate  the  conduction  currents 
(ref.  13).  Our  purpose  is  not  to  validate  conduction  Models  but  to  investigate 
the  parameters  controlling  field  bulld-up  in  irradiated  dielectrics.  We  choose 
to  use  a popular  expression  for  conductivity  (refs.  12,13) 

0 • ki)  -f  Oq  (3) 

where  o is  conductivity,  k is  a coefficient  empirically  determined  (ref.  12) 
b is  dose  rate  supplied  by  the  high  energy  radiation,  and  Oq  Is  the  conduc- 
tivity under  no  irradiation.  Of  course  there  are  many  other  conductivity  ef- 
fects (field  dependence,  trap  effects,  total  dose  effects)  which  could  be  put 
easily  into  the  computet  but  they  do  not  help  clarify  the  basic  picture.  Fig- 
ure 5 is  a plot  of  equation  (3)  for  the  particular  case  at  hand  (ref.  18);  the 


3 ( 


■■1 


conducitlvlty  Is  a strongly  varying  function  of 


conductivity  and  electric  field 

currenc 


depth  In  the  dielectric, 
data  we  calculate  the  conduction 


" o(x)E(x) 


(4) 


J(X,t)  - Jc(x,t)  + Jo(x)  (5J 

d.tatS“‘rtrelMtt°c  £iel"I!hIc“wij“^“a'JhLa'd  1^"*  «)  to 

continued,  .elf  conelstently.  using  .nell  tine  .tep^on  rtl  cXtw.’’"'”*  “ 


3 

3. 


Data 

Oulte"®ci2dle“S^r!;«'If“5‘ri°'  t-0  to  t-100  eecondei  there  1. 

hulld-up  of^ecHS?  ? “ -^““It  of  the 

to  t « 100  sLoSr  Thdi  ^ 4^  **®  ®J’®«'®charge  density  from  t-0 

greese.  1.  e Mt^  rSuU  ofX  “ “ “■*  ‘™<‘K‘tlon  pro- 

dreetlc  change  o?^SejrbeWefn  0^“  “f  °“T 

dramatic  demonstration  of  the  imnnr-f-I  P(x»t  - 100)  curves  is  a 

the  evolution  of  E(x)  frbm^  t = ^ currents.  Figure  8 shows 

approaching  nexlnun  value,  of  10«  V/cn  „hUh  “ 

500  .eS.’  fetUe‘the?L"tJm^"oJ^±^  “““  *“*  "W  “ 

toward,  a "flat"  function  If  — the  current  density  Is  tending 

It  1.  postulated  h^  Jtai  u^Llli  ‘'™“  '>®  “■»• 

such  a way  that  Jfrf  h.cL^  build-up  of  conduction  current  occurs  In 

Obtained  5»Lr  J^aSS  «“1  cqulllhrlun  is 

so  that  osciuno^  Sum?!  "?  ''H  okfbbsbla 

feet  (ref.  19))!  ^ ’“llbrlun  occurs  (for  exanple  analogous  to  the  Gunn  ef- 


Thls  b^^-«^i.t"lSl"etLS°fo?th?aSc  ‘?c^^^^  3?* 

diat^^^So‘^?^o(x^  «pH?a  «»  the  aJ.“Ld  Inmri 

“«ia:.^:ih:^:“n%a"roT!s2  "!"ior;  s n t 

Ses?s;'a'?j!;:a“daMh's!‘"=“  ssncalla'rb^lo^Si:^!-;: 
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density  p(x),  at  tlines  froto  100  to  lOOO 
Snthf  ao  electron  density  constantly  moves  to  larger 

««aggling  tall  betome  caught  between  the  rSL 
distribution  centroid  and  the  "Impenetrable"  teglon  of 

this*  If%  teeian^S  important  concept  results  from 

ttiis.  If  a region  of  negligible  conductivity  exists,  the  Jn(x)  distribution 

^aMhl“^t  spacecharge  build-up  until  the  spacecharge  fields  aJe  com- 

107  V/L  f stopping  power  of  the  medium  which  usually  exceeds 

10  V/cm  - a field  definitely  in  the  breakdown  category. 

‘**®  tesult  that  a positive  spacecharge 

*^e8ion  Of  x - 0.12  cm.  this  is  similar  to  a result 
by  Evdok^ov  and  Tubalov  (ref.  20)  and  theoretically 
by  Matsuoka  et  al.  (ref.  9)  by  a similar  calculation.  The  positive 
important  implications  for  the  spacecraft  charging  problems, 
'^hich  generates  the  positive  spacecharge  might  be  described  as 

of  "ePtl. 

The  resulting  electric  field  drives  carriers  through  the  conducting 
2ons"^’  carriers  then  pile  up  at  the  borders  of  the  less-conductive  re- 

fi,u^  ®®®®*  driven  from  the  teglon  of  high  dose  rate 

La  K®..^*'®^  are  generated)  towards  the  negative  charge  centroid.  Before  they 
reach  the  negative  charge  region  they  are  "stopped"  by  the  significantly  lowered 

fThiraL^y  L?  *PP’^°*^®fJeTy  0-15  cm)  near  the  negative  charge  centroid. 

(^is  argument  is  for  qualitative  purposes  and  is  not  meant  to  ing)ly  that  either 
holes  or  electrons  are  the  dominant  conduction  mechanism.) 

**0''  ^be  net  current  density  continues  to  decrease  on 
.®®*  continues  to  flatten  out  and  how  the  electrons  in  the  straggling  tall 

nuSd"Sr*'°i-^?  ^®®U  ^"4*"**®  The  curves  have  not  beeS  com- 

P ® ^ seconds  but  it  is  obvious  that  straggling  electrons  will 

continue  to  add  charge  until  the  conduction  through  the  unirradiated  region, 

Jgtx  =0.3  cm),  equals  the  net  current  at  the  front  surface  Jf(x  ■ 0). 

n describes  the  space  charge  density  as  time  progresses  out  to 

5x10  ®®conds.  The  trenda  evident  in  prior  figures  continue  but  we  are  now  4p- 

^bother  important  fact  becomes  obvious  for  electron  Ir- 
dlated  dielectrics:  For  fully  penetrating  radiations  such  as  thift  dielectrics 

or  ganiM  rays  eijulllbrlum  Is  reached  at  total  doses  typically  1(|5  ,agg  ieSs 
i fu'  “onP^netratlng  radiations  the  straggling  effect  can  subetantl- 
ally  Increase  the  dose  co  equilibrium,"  in  this  case  to  greater  than  lO^  rads.^ 
It  should  be  noted  that  Teflon  seriously  degrades  at  10®  rads  while  most  other 
dielectrics  require  10®  or  more  for  degredetlon* 


^(5x10^  seconds)  (2x10^  rads/sec)  - 10^  rads. 
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® J®  J plot  pf  jhe  . electric  field  at  late  tltnes.  Notice  that  the 
if®  stablllaed  While  at  x > 0,1  It  has  not  stabilized.  The 
eiecpic  field  Is  the  moat  important  parameter  since  we  are  interested  in  pre- 
dicting breakdow.,  There  are  three  maxima  ip  the  field;  at  the  front  surface, 
ffa  approximately  Oas  cm.  In  one  dimension  the  front 

L®f  derivable  from  the  zeroth  and  first  moments  of  the 

the  net  total  charge  and  the  position  of  the 

5k  f ^*^®  interior  to  the  dtelecttlc  are  calculable 

only  from  the  full  distribution.  At  late  times  the  field  interior  to  the  dl- 

^5®  ®P®«®  i^esion)  becomes  larger  than  the 

front  surface  field  and  also  of  sufficient  magnitude  to  produce  breakdown. 

It  should  be  remembered  that  the  positive  space  charge  region  resulted 
from  the  conduc  ivity  gradient,  tfe  can  generalize  this  result  to  Say  that  any 
dielectric  structure  with  a conductivity  gradient  is  likely  to  internally 
^arge  up  tO  produce  large  electric  fields  in  regions  adjacent  to  the  gradient 
^ile  under  external  irradiation.  If  one  constructs  a dielectric  of  layers 
Uven  of  the  sa^  iteterlal  from  different  batches)  one  is  introducing  another 
^chanlsm  whereby  dielectric  breakdown  under  irradiation  might  occur.  Conduc- 
tivity  gradients  cm  be  introduced  by  many  factors  (heat  and  light,  for  exanmle) 
and  should  be  avoided  in  spacecraft  dielectrics. 


Figure  15  is  a plot  Of  the  three  maxima  in  the  electric  field  as  a function 
of  time.  Of  course  these  results  are  peculiar  to  the  particular  conditions 
(Aosen  for  this  exercise.  The  relative  magnitudes  Of  the  maxima  (peaks)  could 
change  severely  with  changes  in  sample  thickness,  beam  energy,  dark  conductiv- 
- induced  conductivity  k (see  eq.  (3)).  Other  terms  such 

s delayed  conductivity.  f:>eld  dependent  conductivity,  and  radiation  damage 
would  also  be  important*  Never- the-less  this  figure  Vividly  demonstrates  that 
breakdown  fields  can  occur  with  greatest  likelihood  near  the  surfaces  Or  in  in- 
terlor  r6|£l6n8  of  modulated  conductivity* 


dark  conductivity  oq  asstimed  in  the  calculations  was  10”^^  ohm~ 
m . probably  m extreme  for  "Teflon.”  Similar  calculations  were  also  ft 


ja-1 

^ extreme  fOr  "Teflon."  Similar  calculations  were  also  run  for 
*^^4"  ohmrl  cmrl.  the  Other  extreme,  with  almost  identical  results.  The 

main  difference  is  obvious  in  figure  15:  the  interior  and  rear  surface  field 

strengths  do  not  become  quite  as  large  and  reach  equilibrium  sooner. 

hM  a co^flclent  of  induced  conductivity  k greater  than  most 
interest.  If  we  decrease  k then  the  equilibrium  electric 
leids  will  Increase  and  thus  other  dielectrics  Are  more  likely  than  "teflon" 

^^4  !!f“*4  ”^®^  **®^^‘*  "P  10  tl“®®  **l8*»er  than  Teflon  in 

some  irradiation  conditions. 

W®  tan  Vary  the  coefficient  of  radiation  induced  conductivity  by  a factor 
f ili'®i®j^  **®  ^^®  .tange  of  values  reported  in  the  lltera- 

I®**^®  i J®®®*^1*>®®  the  results  for  one  particular  case.  Notice  that  the 
coefficient  of  induced  conductivity  acts  nearly  as  a dark  conductivity  term  at 

^®*  ‘^®  1®  nearly  linearly  dependent  on 

resistivity,  tut  at  the  center  and  rear  the  fields  are  not  linearly  dependent 
on  the  coefficient.  This  nonlinearity  is  strong  when  the  radiation  is  nonpene- 
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crating.  With  fully  penetrating  radiation  thd  equlllbrluto  Electric  fields 
are  always  nearly  linearly  dependent  on  the  coefficient  of  radiation  Induced 
conductivity. 

It  Is  interesting  to  vary  the  dielectric  thickness  and  see  how  the  three 
maxlinuOk  (peak)  field  strengths  vary.  Table  2 shows  the  results  for  1 MeV  elec* 
tron  irradiation.  In  general,  fully  penetrating  radiation  Is  likely  to  produce 
smaller  fields  than  nonpenetrating  radiation  and  Bernhard  Gross  reports  ekperl* 
nents  on  electron  Irradiations  where  breakdowns  Indeed  occur  Aost  readily  In 

samples  with  thicknesses  between  one  and  two  electron  ranges.  However,  by.  no 

means  are  breakdowns  exclusive  to  this  thickness  range. 


COMPARISON  WITH  EXPERIMEHT 


Our  calculations  produce  one  easy  observable  * the  meter  current.  Fig- 
ure 16  shows  the  meter  current  as  a function  of  time  during  the  Irradiation. 

We  have  not  been  able  to  do  the  experiment  prior  to  this  conference  but  a simi- 
lar experiment  and  calculation  has  been  reported  (ref.  9)  with  excellent  agree- 
ment. Considering  all  the  variables  and  their  uncertainties,  1 would  not  expect 
good  agreement  in  general.  For  several  years  we  have  been  performing  similar 
experiments  with  y and  X-rays  without  obtaining  (meter  current)  excellent 
agreement,  but  we  have  created  large  fields  routinely  - it  is  a shocking  expe- 
rience to  handle,  an  irradiated  dielectric. 

This  experiment  has  been  performed  once  since  the  conference  with  poor  com- 
parison with  the  theory.  The  meter  current  was  two  orders  of  magnitude  lower 
than  expected  at  early  time  so  we  raised  the  beam  current  intensity  to  4x10"^ 
A/m^.  The  current  slowly  rose  in  time  Starting  at  2x10"®  A and  3000  seconds 
later  was  2.7xl0“7  a declining  to  1.3x10-7  a by  10^  seconds.  After  3000  Seconds 
the  meter  began  violent,  sometimes  full  scale  pulsing  reflecting  some  sort  of 
breakdown  process  which  grew  throughout  the  remaining  irradiation.  This  irradi- 
ation was  significantly  more  Intense  than  the  calculation  above,  but  suCh  an 
effect  would  not  be  predicted  by  the  model. ^ 

There  are  methods  for  investigating  the  trapped  charge  distribution  in  the 
dielectric  such  as  thermally  stimulated  discharge  and  others  (ref.  20),  but  the 
methods  are  indirect  and  may  contain  weak  assumptions.  This  area  seems  to  be 
more  popular  in  the  recent  literature.  I hope  further  Work  in  this  area  will 
prove  helpful  to  us.  We  would  like  to  do  similar  calculations  for  a broad  spec- 
trum of  irradiation  but  it  Will  be  hard  work  to  put  together  a dose  profile  for 
1 keV  to  10  MeV  electrons  from  the  literature;  it  will  be  impossible  to  find 
data  to  construct  the  high  energy  electron  current  profile  for  that  energy 
range.'  The  best  we  could  do  is  to  make  a guess  or  to  get  "someone"  to  do  a 
Monte-Carlo  run  for  a specific  spectra  of  interest.  Based  on  experience  from 
several  tens  of  calculations  (refs.  7,12)  for  a variety  of  materials  under  a 
variety  of  irradiations  I believe  that  for  any  giver  spectrum  with  quanta  above 


^Immediately  prior  to  publication  a lower  intensity  experiment  wn  performed 
and  gave  agreement  with  the  model  at  early  times.  The  reason  for  the  above  dis- 
crepancies is  not  yet  clear. 
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10  keV  large  lleldci  Will  be  generated  In  dost  ''good'*  dielettries  and  that  giveil 
a pattlcuiat  dielectric  geometry  It  la  the  unusual  Spectra  which  would  not  sub- 
stantially cttarge  dielecttlcs . I think  It.wUuld  be  uUllkeiy  to  find  a spectra 
which  would  not  charge  a dielectric  to  >10°  V/cm;  further  wotk  is  required  to 
prove  or  disprove  this  statement  (ref*  21). 

It  is  here  proposed  that  the  following  experiment  bs  done  because  it  is 
central  to  spaceOfaft  charging.  The  theory  described  above  can  ptedict  values 
for  radiation  induced  conductivity  and  dark  conductivity  which  would  signifi- 
cantly reduce  the  maximum  electric  fields.  We  know  that  nonpenOtrating  high 
energy  electrons  ate  as  troublesome  as  any  radiations  so  we  could  alter  samples 
to  Increase  k and  an  and  use  electrons  to  test  their  charge-up  response. 

It  may  be  possible  to  lotmulate  dlelecttlcs  with  the  propet  Spacecraft  proper- 
ties (optical,  thermal,  mechanical  as.  well  as  conductive)  without  the  danger  of 
field  build-up. 

It  is  clear  that  effects  such  as  field  dependent  conductivity,  dose  re- 
lated damage»  radiation  Induced  traps,  contacts,  etc.*  can  be  important.  They 
all  impact  the  generation  of  fields  through  the  conductivity,  term  in  our  model. 
Their  quantitative  evaluation  is  very  variable  for  materials  of  Interest.  At 
this  time,  such  effects  seem  to  be  relatively  small  compared  to  the  radiation 
Induced  conductivity  term.  But.  it  might  be  profitable  to  consider  these  ef- 
fects with  eye  to  increasing  the  conductivity  under  irradiation- and  through 
the  unlrraUlated  region,  if  any  exists.  Experiments  on  these  effects  would  be 
helpful. 
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We  have  described  a model  Which  predicts  currents  and  fields,  in  irradiated 
dielectrics;  we  find  some  weak  empirical  agreement  in  the  literature  and  in  our 
own  eiqperlments.  It  turns  out  that  the  parameters  which  describe  the  conduc- 
tion mechanisms  in  the  dielectric  may  be  critical  for  spacecraft  purposes  since 
they  seem  to  be  the  handle  by  which  we  can  prevent  excessive  electric  field 
build-up.  A nonunlform  conductivity  profile  in  the  dielectric  is  shown  to  be 
potentially  Important:  we  should  avoid  such  profiles.  In  general  the  higher 
energy  quanta  (>10  keV)  are  probably  more  important  because  they  penetrate 
deeper  and  deposit  greater  electric  potential  energy  in  .the  dielectric  causing 
more  energetic  breakdown  discharges. 

Several  suggestions  are  made  concerning  the  search  for  usable  dielectrics 
Which  will  not  substantially  charge  up;  increasing  the  bulk  conductivity  offers 
the  greatest  potential  for  eliminating  discharges  and  decreasing  differential 
charging. 
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TABLE  1.  - peak  ELECTRIC  FIELDS  AT  EQUtLIBRIUH  FOR  0.24-cm-THICK 
teflon  under  1-MeV  ELECtRONS  FOR  iHREE  ASSUMED  VALUfiS  OF  k 


k (see  eq.(3)) 
sec/ohm  meter  rad 


(10  A/m  ; tfg  - lo’^^  ohm'^cm'^. J 


Equilibrium  Electric  Field  Intensity,  V/cm 


Front 


Center 


I»«LS  2.  - peak  ElECTRIC  FIELD  MTEHSIIIES  AS  FTOCIIMt  OF  "lEPUMF 
THICKNESS  FOR  ASSUMED  VALUE  OF  DARK  CONDUCTIVITY 
[ffQ  - 10’^^  ohm“^cm~^;  k - ] 


Dielectric 

Thickness 


• 15  cm 

• 18  cm 
.20  cm 
.22  cm 
.24  cm 
.30  cm 


Equilibrium  Field.  10®  V/cm 
Center 


not  defined 
not  defined 

(.12)  1 


SPACE  CHARGE  DCNSfTX  COULOMBS/ METER 


ELECTRONS 

l6®A/ffl2 


teflon 

0.3cm 

rg  .g 

■ 

THICK 

4)  I 

- r 

I M«V  ELECTRONS 
ON  "TEFLON" 


thin  carbon 

PAINT  FILM 


>05  .10  .20 

DEPTH  IN  dielectric^  cm 


Fig.  1.  The  apparatus  being  modeled 
in  the  calculations  and  constructed 
for  experimental  comparison. 


Fig.  2.  The  electric  current  due 
directly  to  the  incident  high  energy 
-el»c4t>ons . 


:rx .. 


6SGC0N0S 


0 .05 


I I I 


DEPTH  IN  DIELECTRIC, cm 


DEPTH  IN  TEFLON,  cm 


Fig.  3.  The  charge  deposited  in  the 
dielectric  by  the  current  profile  in 
figure  2 after  six  seconds  irradia- 
tion. 


Fig.  4.  The  electric  field  due  to  the 
space  charge  shown  in  figure  3. 


Fig.  5.  The  dose  profile  due  to  the  Fig.  6.  The  evolution  of  net  current 
irradiation.  The  conductivity  profile  density  (eq.  (5))  at  early  times, 
is  obtained  from  equation  (3)  using 
values  for  k obtained  from  reference  12. 


DEPTH  IN  DIELECTRIC,  cm  DEPTH  IN  DIELECTRIC,  cm 

Fig.  7.  The  evolution  of  space  charge  Fig.  8.  The  evolution  of  electric 
density  (eq.  (2))  at  early  times.  fields  at  early  times. 
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density,  X 10 


-Wf\l00  SECONDS 


I M«V  ELECTRONS 
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DEPTH  IN  DIELECTRIC,  cm 


lOOOSECONOC 


9»  The  evolution  of  net  current 
density  at  later  times,  100  to  500 
seconds. 


® 15  IS  M ii — 

OePTH  inoi£lectric  • cm 

Fig.  10.  Space  charge  density:  at  ti 
from  100  to  1000  seconds. 
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0N"TEFL0N“ 


I MdV  ELECTRONS 
0N“TEFL0N" 


4000  SECONDS 


DEPTH  IN  DIELECTRIC,  cm 


OEPTH  IN  DIELECTRIC,  cm 


I'ig.  11.  Net  current  densitv  at  iimpc*  io  mi. 

from  500  4000  4cc„„dB.  4(W  tr5o!joo‘'Becllf 


SECONDS 


DEPTH  IN  OIELCTRI6.  cm 


DEPTH  IN  dielectric,  cm 


i-ig.  13.  Space  charge  density  at  limes  Fig.  14.  Electric  field  at  late  lime: 
from  1,000  to  30,000  seconds.  100  to  20,000  seconds. 


%L*raED  IMMOIATtON  TIME,  SECOND 


100  BOO  300  400 

ELAPSED  IRRAOtATlON  TIME.  SECOND 


I’i^o  ir>.  Moclric  field  intensity  pjg^  Ammeter  current  as  a function 

maxima  fot'  the  ttu'ee  peaks  evident  in  of  time;  see  fiRure  1. 

fij»ure  14.  The  solid  lines  are  for 

dark  conduct  ivity  0^^  U)“‘*^\>hm*"U^m*"^ , 

the  dast.ed  lines  Vov  0..  U>"”^^ohm“^cm“^. 
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fiPPECTg  OP  electron  IRRADIATION  ON  LARGE  INSULATING  SURPACES 
USED  POR  EUROPEAN  COMMUNICATIONS  SATELLITES 


J.  Reddy  and  B.  E.  Serene 
European  Space  Agency 


introduction 

The  orbital  Test  Satellite  (OTS)  and  its  dOrivatives  ECS 

alSnised^kaptoffoi^^®^  (Maritime  ECS)  make  ekteniive  use  of 

xuminised  kapton  for  passive  thermal  control. 

(OIB  «”'3  i"  SeostaUonary  orbit 

^nfigorotlob  is  such  thot  the  taptoZis  li 
contact  With  the  plead,  and  is  able  to  char9»  electrostatically. 

chargSrp^S^t“Ss“orS.fr^T*  establish  the  aaxidam 

Z'SSul'ts  ob'td.ini^d  by  othors  (Ref  ? « a.  ^ tocf©thet  Wi.tth 

Sjf^ces  on  ^ f insmating 

samples  (=  O 5 m2\  j„  ^ d to  perform  a series  of  measurements  on  large 

tS^^d'o^rv:  ’any  ^t^iaT^J^on’?^ 


TEST  SAMPLES  AND  PREPARATION 


^gather  by^’^eaT  L“  iS^trS"?  ValdS^l'  SiT^L^^ 

Zw^tn  rlcT  «.sher  SsX  is 

allowing  the  al™iai™  to  sgneere'thLgj:  Sd 

Fig,  3.^  Shieid  Assenbly  is  conpleted  by  a number  of  venting  holes  shown  ii 
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The  second  item  under  test  was  a sample  of  the  strufetufe  used  for  the  main 
antenna  dish.  A schematic  of  this  structure  is  shown  in  Pig.  4.  This  antenna 
emprises  an  aluminium  honeycomb  on  which  is’  mounted  a carbon  fibre  sheet 
which  is  painted  with  white  paint,  type  Sl3  GLO.  It  Was  not  certain  if  this 
paint  was  conductive,  and  even  so,  the  electrical  continuity  between  the 
carbon  fibre  and  -the  honeycomb  was  not  assured. 

S^pies  measuring  0.7  m x 0.7  m of  these  assemblies  were  prepared  wd 
mounted  on  an  aluminium  frame.  The  conductive  rear  surfaces  of  the  samples 
were  connected  electrically  to  the  frame  Which  could  then  be  used  to  provide 
a reference  point  for  the  measurements. 


TEST  CONFIGURATION  AND  CONDITIONS 


performed  under  an  Estec  contract  and  financial  and 
technical  management  by  the  Deutsche  Forshungs  und  Versuchsanstalt  fur  Luft 
und  Raumfahrt  (DFVLR)  at  Porz  Wahn  in  Germany  (Ref.  6) . The  chamber  is  shown 
i”,,  ® conventional  commercial  electron  gun  as  a source.  This  is 

followed  by  a scattv-ring  foil  (2  y thick)  in  order  to  achieve  reasonable 
toirogeneity  over  the  sample  area.  The  scattering  foil  details  are  described  in 
Ref.  4.  TOe  beam  homogeneity  was  measured  using  three  simple  sensors  traversing 
the  chamber  in  the  plane  of  the  test  object. 


With  the  incident  electron  beam  of  25  keV  (before  the  scattering  foil) 
homogeneity  obtained  in  the  plane  of  the  test  sample  was  approximately  30  % 
The  flux  profile  is  shown  in  Fig.  6.  rr-  jr 


the 


iv*  mounted  samples  were  suspended  in  the  chamber  and  isolated  from  it 

tFig.  7).  The  frame  Was  connected  by  means  of  a dedicated  wire  to  a ground 
reference  point  external  to  the  chamber.  This  allowed  measurement  of  the 
leakage  current  and  the  discharge  current.  The  incident  flux  Was  monitored  by 
means  of  a fixed  sensor  in  the  plane  of  the  test  sample.  A thermistor  was 
mounted  on  the  rear  surface  of  the  sample  to  measure  temperature. 


In  addition  to  the  above,  a commercial  field  mill  was  installed  on  the 
scanning  mechanism  with  the  intention  of  measuring  the  sample  surface  potential. 
Unfortunately,  due  to  the  flexibility  of  the  samples  the  mutual  attraction  of 
tne  field  mill  and  sample  precluded  such  measurements. 


The  discharge  current  was  measured  using  a cufrent  probe  type  P6022 
connected  to  a Biomation  8000  transient  recorder.  A schematic  diagram  of  the 
electrical  configuration  is  shown  in  Pig.  8. 


The  samples  were  irradiated  for  eight  hours  at  two  temperatures  - room 
temperature  (approx  20°)  and  liquid  nitrogen  temperature  (-.173°C)  under  a 
vacuum  of  10"°torr. 
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by  illuwinating^thf  with^'a  sSSSrioo^watt’^i^**^  simulated 

the  chamber.  watt  laiftp  Aiounted  outside 


profile  Shown  1 FI,.  9.X“  HJL  “ “l«”lPted  to  heve  the 


TEST  REatir.t*|g 


The  test  tesults  will  be  presented  as  follows: 

a)  -Visual  observations  during  irradiation  by  electrons 

b)  Measurements  made  of  leakage  current  and  discharge  characteristics 

c)  Obseruatlcns  of  material  degradation  after  Irradiation  is  completed 

Visual  observations 





Shield  irradiation  Of  ths  VSF 

With  the  major  part  t ^ discharged 

the  centrai^ivJt  (Pig  10)  venting  holes  and 

observed  The  V \ distinct  forms  of  discharge  were 

app^^:^?ip’j:ca^Tr:is:g 


partlcuL^^L\tr^^rs^^^^^  n discharges  obaerved  at  a 

that  photography  was  not  pbLibief^  btensity  of  the  discharges  was  ao  low 


violet  colour  at  iCuirnlJ^  I la"t«ratur«  but  With  a blue- 

obvlousr  ^ nitrogen  temperature.  The  erplanatlon  for  this  is  nol 
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EL&CTRICAL  MEASUOSMENTS 


VHE  Shield  Assenjbly 

A plot  of  the  leakage  current  versus  titoe  is  shovm  in  Pig.  11  showing 
the  charging  characteristics  and  the  discharges.  The  rate  of  discharges  is 
shown  in  Table  1 where  it  can  be  Seen  that  the  discharges  became  less  frequent 
as  the  test  proceeded. 

During  illumination  With  the  laitqo  no  discharges  were  observed  at  all. 

Typical  discharge  currents  are  shown  in  Pigs.  12  and  13.  Unforttinately, 
equipment  limitations  did  not  allow  an  absolute  measurement  of  the  maxi mum 
anq>litude.  However,  it.  can  be  seen  that  the  amplitude  may  be  in  ekcess  of 
400  amperes  with  a rise  time  faster  than  one  hundred  nanoseconds  and  a pulse 
width  of  four  microseconds.  We  should  also  note  that  the  measurements  were 
made  on  a ground  connection  several  metres  long  which  suggests  that  the  actual 
maximum  could  be  even  higher. 


Antenna  Structure 

A plot  of  the  leakage  current  versus  time  in  the  antenna  structure  is 
shown  in  Fig  14.  The  rate  of  discharges  is  shown  in  Table  2,  and  here  it  can 
be  seen  that  the  rate  of  discharges  stays  constant  and  are  Cnly  observed  at 
liquid  nitrogen  temperatures. 

Illumination  With  the  lan^  resulted  in  no  change  in  the  discharge 
characteristics  indicating  that  there  is  little  photo-emmission  from  this 
paint. 

The  discharge  current  was  measured  and  is  shown  in  Figs  15  and  i6.  It  can 
be  seen  that  the  maximum  current  is  considerably  less  than  one  ampere,  in 
addition  there  is  a pronounced  'ringing'  associated  with  the  length  of  the 
ground  connection. 


material  DEGR2U:1ATI0N 


vHf  Shield  Assembly 

The  degradation  of  the  vaaitim  deposited  aluminium  (VDA)  is  shown  in 
Figs  17  - 20.  As  can  be  seen  there  has  been  considerable  evaporation  of  the 
VDA  in  the  regions  surrounding  the  venting  holes  and  the  rivet.  The 
evaporation  of  the  VDA  surrounding  the  rivet  was  sufficient  to  isolate  the 
rivet  from  the  VDA  Itself.  In  addition  to  the  damage  around  the  holes,  damage 
was  observed  in  the  regions  associated  with  small  Indentations  in  the  VDA. 
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Further  InVestlgatlortd  ehowed  that  there  Was  no  degradation  in  the  kapton 
itself  even  in  those  areas  where  VDA  was  evaporated. 

In  one  instance  the  rear  aiuniniuB  foil  was  actually  punctured^  apparently 
by  the  force  of  the  aluminium  evaporating.  The  area  of  VDA  which  was  evaporated 
is  estimated  to  be  0.3  % of  the  total  surface  area. 


Antenna  Structure 

The  only  observable  effect  on  the  antenna  stmcture  surface  was  some 
discolouration  of  the  paint  in  the  region  where  discharges  were  observed. 
Closer  inspection  Showed  that  the  paint  finish  at  this  point  was  not  very  good 
and  the  possibility  is  that  this  defect  promoted  the  discharges  and  subsequent 
degradation. 


CC»1CLUSI0NS 

From  the  foregoing  results  it  is  clear  that  although  it  is  capable  of 
charging  to  a reasonably  high  potential#  the  effects  of  discharges  on  material 
property  and  £HI  for  the  antenna  structure  are  relatively  insignificant. 

For  the  Vi!F  Shield  Assembly  the  opposite  is  true.  Here  we  have  Seen 
considerable  damage  to  the  VDA  and  associated  with  this  are  very  large 
transient  currents  which  could  severely  affect  the  system  electronics. 

It  is  difficult  to  assess  the  effects  of  the  loss  of  VDA  on  the  overall 
ther^l  design;  however#  a simple  solution  to  this  problem  is  to  make  the 
aluminum  layer  much  thicker*  This  solution  has  been  tried  and  the  results 
are  reported  in  Ref.  3.  Furthermore#  the  need  to  reduce  edges  to  a minimum  by 
the  exclusion  of  holes  and  rivets  is  also  obvious. 

With  regard  to  the  current  transients  solutions  are  somewhat  less 
Immediate.  We  have  seen  on  smaller  ekad^les  (0.1  m k 0.1  m)  current  transients 
of  the  order  of  thirty  euchres.  For  samples  described  here  we  hai  e currents  of 
the  order  of  several  hundred  amperes.  Clearly  there  is  a limit  to  the  maxtirnm 
amplitude  wllch  may  be  seen  regardless  of  surface  dimensions.  However#  it  is 
certain  that,  the  energy  dissipated  in  the  discharge  will  continue  to  increase. 
The  test  reimlts  given  here  indicate  a maximum  discharge  energy  of  the  order 
of  tens  of  i^oules.  Such  energy  flowing  in  the  satellite  structure  is  almost 
ce  to  result  in  anomalous  electronic  behaviour. 

With  the  present  external  satellite  design  'frozen*  with  regard  to 
thermally  acceptable  materials  the  only  solution  to  this  problem  would  appear 
to  be  desensitlsation  of  all  susceptible  electronic  circuitry. 

Finally,  it  must  be  emphasised  that  any  attempts  to  evaluate  the  char- 
ging and  more  in^rtantly  the  discharging  behaviour  of  materials  must  be  made 
on  samples  which  reflect  accurately  the  meChShical  configuration  and  more 
importantly  the  actual  operational  dimensions. 
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Of  the  VHP  Shl.ld  AasenUMy 


^iihe 

First  hour 
Second  hour 
Third  hour 
Fourth  hdur 
Fifth  hour 
Sixth  hour 
Seventh  hour 
Eighth  hour 


Nuittber  of  discharges 
Room  temperature  LIN2 


• 14 


Table  2 Rate  of  discharges  of  Antenna  Structure 


First  hour 
Second  hour 
Third  hour 
Fourth  hour 
Fifth  hour 
Sixth  hour 
Seventh  hour 
Eighth  hour 


Number  of  discharges 
Room  temperature  LiN_ 


constant 

constant 

constant 

constant 

Constant 

constant 

constant 


ALUMZNISED 

KAt>TON 

(3mil) 


I 

t> 


Pig  1 : VHP  Shield  Assenibly  schematic 


Pig  2:  Rivet  Assembly 


577 
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SKYNET  SATELLITE  ELECTRON  PRECHARGINS  EXPERIMENTS* 

Victor  A.  J.  Vein  Lint<  DdVId  A.  Froinme*  RoQor  Stettner 
Mission  Res6arch  Corporation 


ABSTRACT 


surface  areas  1 m^)  of  the  Skynet  I Qualification  Model  (SQM)  sat- 

and  h)  Uni • ^2  the  environments  of  a)  a flux  of  monoenergetic  electrons 
and  b)  pulsed  high- intensity  X-ray  photons  from  an  exploding-wi re-radiator  (EWR) 
source,  separately  and  simultaneously.  Experiments  were  p6?foried  Jilh  ^th  the 

thermal  blanket  exposed  to  these  envi- 
satellite  was  instrumented  with  fiber-optics  isolated  fast- 
sensors  capable  of  sensing  and  recording  the  time-varying  electric 

Spontaneous  discharges  of  thermal  blankets  and  of  solar  cells  differed  in 
several  respects.  Solar-cell  discharges  resulted  in  much  larger  changes  in 
average  satellite  potential,  with  a net  satellite  charge  loss V ~ 10-6  Coulombs 

blanket  discharges*  however,  were  smaller  in  magnitude, 
with  the  net  loss  of  charge  less  than  5x10“^  coulombs.  During  the  solar-cell 
panel  experiments,  at  a precharge  potential  well  below  the  threshold  for  spon- 

® JJ^charge  which  was  apparently  triggered  by  an  X-ray  photon 
?hl2L  observed.  This  triggered  discharge  was  similar  to  spontaneous  dis- 
charges recorded  for  solar  panel  illuminations. 

A two-dimensional  self-consistent  finite  difference  computer  code  (SEMP) 

on  the  skynet  both  with  and  without  precharging 
blanket.  These  calculations,  which  used  an  estimated  thermal- 
blanket  voltage  profile,  predicted  a factor  of  2 increase  in  satellite  exterior  - 
axial  cuiTents.  Measured  precharged  enhancement  factors  for  peak  current  den- 
sity  varied  between  a factor  of  2 and  5 in  good  agreement  with  the  predictions 
The  enhancement  is  probably  due  to  the  effect  of  the  tangential  electric  fields 
normal  field  on  the  photo-electron  orbits.  A late-time  current 
100  nsec)  was  observed  in  the  measurements  but  not  in  the  predictions.  This 
current  may  be  due  to  secondary  electrons  repelled  by  the  surface  potential. 


Work  supported  by  Defense  Nuclear  Agency  under  Contract  DNA001-77-C-0009. 
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INTRODUCTION 


!s£E;rHr;p“« 

etc.)  have  been  determined.  The  importance  of  geometric  effectrnpSr  fhl  ^ ‘ 

interface  has  been  established.^  ?hrpJesent  L^^^^ 

ElectroLieetiJ^pn  ei^i'ect  of  precharging  on  the  SGEMP  (System-Generated 

lle^e  sISpie  e?  exploding-wire  radiator  on  a 

y budie  sample  ot  typical  satellite  confiauration.  A<;  a nprPQQ;jt^w 

sue  some  spontaneous  discharge  measurements  we?rpe?formldf 


EXPERIMENTAL  DETAILS 


Skynet  Qualification  Model  (SQM)  was  provided  by  Ford  Aerosoace  and 
C^unications  Corporation  1n  conjunction  with  a series  of  SGEMP  iSvesMo^Mnn^ 

“Wect.  The  exterior  geometr/of  the  Sk^rsatellite 

are  covered  with  014  rm  i-hir^  v 9 3 ^ x 2 cm  silicon  solar  cells 

eight  honeycon*  panels  comprising  two  fibe^glals^shllu'arJIlnd  3^012^13  22re 
The  solar  cells  are  interconnected  and  are  electrically  connected  ?o  th2  saSf 

covered  with  a .01  cm  layer  of  thermal  paint  (white  on  the 
f?be3oU  3 ?a"3e3'"m  2"  .‘S'  Tbe  themnal  b1anke?  i?  3omp2«J  2f  a 

S 2lumiSKl3t23  “ Th3  37  sandwiched  betwMn  tvi^^^OOS 

cm  a uminum  plates.  The  aluminum  sheets  ars  electrically  connected  tn  tho  cafoi 

mountL'"nJ']  ^ sm^Tm5?rLvfre?leaor Is 

by  a grounded^Sl  this  is  surrounded 

plate^duri^fthese  exie?ime  ^ ^ '""tal 


have  S222'32prr?:d‘232232u3?y‘?2ej23332e1)?^' 

nichol^h. placed  inside  a 4 in  diameter  x 6 m long  vacuum  chamber  (fur- 
nilhtn  hw  Dh*^  Weapons  Laboratory)  attached  to  the  OWL  II  EWR  source  (fur- 

plorfp>n  ^ ysics  International  Company)  as  illustrated  in  Figure  2 A diffuse 

al  ai  the  chamber,  exposing  the  siJface 

at  an  angle  of  ~ 30  with  respect  to  the  EWR  source.  The  accelerating  voltage 
in  the  gun  was  varied  between  3 and  15  keV.  The  current  densitr^t  tL  «mni! 
could  be  adjusted  up  to  100  (.(ym2>.  The  geometry  and  properties^of  the  electron 
gun  produced  a nonun if ormity  in  the  current  density  at  the  irradiatpH  curf^rp  nf 
approximately  a factor  of  two.  The  vacuum  chamber  was  provided  with  a LN2-coolei 
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er  in  JS  fiJi  I • J*’!  P»‘0vided  with  an  electromagnetic  ciamp- 

a 200-0hm  sheets  at  .8  and  .94  tank  radii  and 

sirtgle  sheet  near  the  back  wall*  Pulsed  electrical  measurements  indicate  that 
the  resultant  damping  times  of  the  tank  electrical  LerinSs  thSn  zS  ns 

a sn  kn®c?!lJnr!J®  Structure  was  grounded  to  the  tank  structure  through 

a 50  kfi  string  of  resistors.  This  provided  less^than  5 volt  structure  ooten-  ^ 
tials  during  charging  at  currents  up  to  10-4  A/m^.  siruccure  poten- 

hnfh  15®  nevertheless  isolated  during  discharges  and  photon  oulses 

2JVektf5n1?79lfLansiMt‘’diio?^  10).VcoHed 

leKtronix  7912  transient  digitizers,  and  processed  oh  a POP  11/40  computer. 

source  output  have  been  discussed  in 

was  ~30^A/m2!"^  ^^®  *^®®^  Emission  currents  from  surfaces  of  the  satellite 

voltage  was  measured  at  one  location  on  the  top  thermal 
cover  .15  m from  the  outer  edge  and  in  the  middle  of  a solar  cell  cover  15  m 

Jere  wllitStiSfoXii^  electrostatic  voltage  probes.  These  measurements 
head  and\-t  «iri2l^-n^^!®®  *5®  surfaces  precluded  scanning  the  probe 

arh?*.JpH  ?hf  IflV  electron  spraying.  Therefore  the  voltage 

nearby  surface  may  have  been  affected  by  the  presence  of  the^ 

bei^ias^turned^nff^'^°i®"*^®^^  essentially  constant  after  the  electron 

oeam  was  turned  off  as  long  as  the  chamber  .pressure  was  below  2x10" ^ Torr. 

^1'”^  derivative  of  the  electric  field  was  monitored  on  the  front  ther- 

3ere^]lso®LuStAd^^®/^®-‘’°j2^’^  °I  electrostatic  voltmeter.  Two  B loops 
ere  also  mounted  ~.2  m in  the  front  of  the  front  thermal  bUnket 


CALCULATION  METHODS 


The  calculations  were  not  designed  to  predict  the  details  of  the  sgfmp 

?Xll  5’^^'  the  effect  of  proJharSing  anfexplore 

the  mechanisms  of  triggered  discharges.  ^ explore 

Calculations  were  based  on  the  hypothesis  that  the  interaction  between  ore- 
charging  and  SGpP  response  was  solely  the  effect  of  the  pre-existing  electric 
fields  on  the  photoelectron  orbits.  The  objective  of  the  calculatioL  was  tn 
compare  SGEMP  skin  currents  and  fields  with  and  wuLt  pre?ha?ge!  n^d??'^ 

^1?  ^^'J’‘^^®tions.  The  simulations  were  performed  with  a^ 
particle  follower  Maxwell  solver  SGEMP  code.  The  effect  of  the  SGEMP  exposure  or 
the  electric  field  distribution  was  calculated  to  evaluate  the  hypothesis  that 
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a discharge  can  be  trlggei^ed  by  an  S(SEMP- Induced  Increase  In  local  electric 
stress. 

The  botentiai  was  measured  at  only  one  point  in  the  experiment  so  that  a 
measured  potential  profile  was  not  used  In  the  code  simulation,  instead,  a 
physically  reasonable  profile  was  used  which  Incorporated  the  one  data  point. 
Figure  3 show?  the  model  used  in  the  simulation.  The  experimentally  measured 
point  showed  a voltage  difference  between  the  dielectric  surface  and  substrate 
of  3 kV.  The  prescribed  profile  was  taken  to  be  3 kV  between  dielectric  and 
substrate  out  to  60  cm  from  the  center  line,  for  the  last  10  centimeters  the 
potential  difference  dropped  linearly  to  2ero. 

The  cell  size  In  the  simulation,  2.5  cm  is  much  larger  than  the  actual 
dielectric  thickness  (2xl0"2  cm)  but  smaller  than  all  other  physical  dimensions. 
Physically  ve  wish  the  potential  difference  to  reflect  the  change  in  the  real 
charge  density  on  the  surface,  op,  as  photoelectrons  are  emitted.  To  accomplish 
this  we  can  prescribe  the  dielectric  constant  in  the  simulation.  The  relation- 
ship between  voltage  V and  real  charge  density  for  a thin  flat  dielectric  of 
thickness  d Is  given  by  op  ■ eV/d.  The  code  value  of  e,  is  given  by  cr  = 
eAz/d,  where  e is  the  actual  dielectric  constant  In  the  experiment  (about  4),  d 
Is  the  actual  dielectric  thickness,  and  Lt  Is  egual  to  the  grid  size  In  the  code. 

The  simulations  with  precharge  were  made  by  first  slowly  placing  charge  on 
the  grid  elements  In  the  computer  code  SEMP.  During  the  photon  pulse  simulation 
particles  were  emitted  from  the  dielectric  surface  using  a typical  time  history 
chosen  from  several  Individual  shot  records  and  a peak  emission  current  Of 
1.8x10'^  amp/cm^.  A linear  times  exponential  energy  distribution  having  an 
average  energy  of  1.6  keV  was  used  together  with  a Cosine  angular  distribution 
with  respect  to  the  normal.  This  distribution  represents  adequately  the  emitted 
spectrum  and  distribution  caused  by  the  exploding  wire  photon  source.  Simula- 
tions were  made  both  with  and  without  precharging  using  the  same  time  history 
and  spectrum. 

The  effect  of  the  SQEMP  exposure  on  the  electric  field  distribution  was 
also  calculated  to  evaluate  the  hypothesis  that  a discharge  can  be  triggered 
by  an  SGEMP- Induced  Increase  In  local  electric  stress. 


SPONTANEOUS  DISCHARGE  - THERMAL  BLANKET 


The  nature  of  the  spontaneous  discharges  observed  visually  on  the  thermal 
blanket  and  the  solar  cells  were  significantly  different. 

The  thermal  blanket  discharges  appeared  as  several  small  pin-points.  The 
points  were  Irregularly  located,  often  near  but  not  limited  to  the  perimeter 
and  mounting  screws  of  the  thermal  blanket.  Visually,  many  of  these  points 
would  appear  at  approximately  the  same  time. 

The  results  from  a B loop  mounted  in  front  of  the  front  thermal  blanket 
are  shown  In  Figure  4.  The  trace  shows  fairly  clear  evidence  of  multiple  excl- 
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‘C*  Observations  and  the 
Jlnatg  as  assured  on  tbe  e?Xl?ft?r5o1S|l  " 

^Thri^niii*  r^r* 

distribution.  There  arriwo  ?tSn  f1r,nf'J!®r  "’"®“i:«  ‘"o  surface  potential 

vertical  defllc«onriS7  gSJe  T '^I«'«vges.  indicaUd 

threshold  potentiM."  corresponds  So1 

a minor  perturbation  of  the  surface  Dntent?»f^*J  a discharge  seems  to  represent 
'S  at  a fined  point  and  thi  dischareK  cn.^  d hf*  ‘"c  Pcobe  location.  The  probe 
Nevertheless,  the  discharges  d^not^seaS  ">  ^fom  the  p"obe! 

lame  fraction  of  the  area)  since  the  volreg^d^es™  J^^J^^gnmcinJly™"  " 

vided  time  resolution*of'*the'^voltaae*rha**'°  c'®ctrostat1c  voltage  probe,  pro- 
shown  in  Figure  6 JresenVthe  o JpS?  f?r?h?s''I:\"  discharge.'  Tfie“Sacr 
^neous  discharges.  A feature  of  this  ?!  Ju  several  of  the  spon- 

arrow  in  Figure  6).  The  precursor  corresJnnS!  I ‘'’o. precursor  (noted  by  the 
(less  negative)  over  a oerind  nf  JJJJ^esponds  to  an  increase  in  the  potential 
main  discharge  iL^ng  ~ iJo  nsec?  onsetTShe 

;S®"^^cha?Jerne!r^the^pJobrn^  f S ^'’^jcating  the  electric 

but  undergoes  no  significant  net  chanao  tm?  ^ ® thermal  blanket  discharge 
measurements  at  another  locatioii.  TREK  probe 

present  1n°the^mairdischarge°t\'^  frequency  oscillations 

ture  to  thermal  blanket  discharge!  w^  des JitS  satellite  struc- 

response  when  compared  t!  p!!v  Su!  f®"®!:  ^Re^erence 

s^etnc.  and  3)  secondary  exMt"a‘?io„^i  o‘c1u?’?SlhT-"l?ote:«]:c^. 
this  paperf  *****  ™sults  agree  with  the  external  sensor  results  presented  in 


SPONTANEOUS  DISCHARGES  - SOLAR  CELLS 


spark^aloJfthredge^f'oTC  f™*solar*«ll''**''*"^**  * localized  line 
several  light  spots  noted  on  therm™  b?inke?  dIsSarge?!*****’  *"*" 
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discharglnq^LqueJce  of^the^soTar^Llle^u^nf^  during  a charging/ 

features  should  be  noted  tho  ^ ^ 9lven  In  Figure  7.  Several  Important 

tui  as  lS  the  d sJhaS  “tHI  thresholTpoten- 

could  not  move  ahd  shadows  the  Immediate  a voltage  probe 
feature  (obvious  In  several  of  tSS  measurements.  The  second 

change.  I„  one  pa?t?Xr  case  (F)aJ5e  7hTlL'"  the  yagn(t|rfe  of  the  voliaSe 
volts,  corresponding  t^a  cl«n  iiplo?f  of  Jh»  t»  terS 

solar^5ln'b||ng®TOnitoi^?“'ThU  SccSJred  on  «5e?a1®  *"  *•*  the 

to^^transfer  of  electrons  ?e"t/Kr^i- 

sistenl?]lS?Mted“''K’J^S^'^?  0?  e?Lf“  (f’'9“ca  8).  con- 

to  the  tank  walls  during  soW  cell  discharaes*  "Sr«  transported  from  the  model 

.«  =jwr.:;tt£s  Srf  “It*  f»«  *.» 

a srsSu«“£  saihr^  1:™"'"^“'' 

iJitil/SiSJl."'’  ’ ^'^fluency  excitation  ~60o’ns«  aftej“he"' 


Of  the  electrons'"leav1ng%hI*^rnodeT^2nd^th^^  determined  by  the  time  history 
The  expected  electron  eSerw  jTtlL  !anJ  !^n  ‘ank  wall, 

tial  of  the  satell  te  ThFaJ.«™  ?•’  “^responds  to  the  average  poten- 

be  significan?iy  es^thlX^tSH  52e  3 experienced  by  the  electmi  win 

charge  emission!  and  to  the  sMt?al  d?s^HhnH;;n""l  satellite  potential  (from 
potential  of  1 kv  produceran  eWtene  ‘5®  Potential.  An  average 

in  reasonable  agreement  with  Figure  8 and^ndiret*^  hundred  nanoseconds 

less  than  100  nLosecondr  ResSlS  f™  InJ  ®®.?  ®’echarge  emission  time 
previous  paper  (ReferencI  8)  ind  Stenh.ri^r  ‘bo  satellite  presented  in  a 
surface  currents  much  larger  than  thermal  blanket  S?" /t’seharges  excited  external 
the  net  charge  loss  measu?^nts"  "^®*  ®’®'barges.  This  agrees  with 


SGEMP  RESPONSE  OF  PRECHARGED  SATELLITE 


and  afterTl0^m1nutrexposure^ar3xl0-5^AW*^^^^  uncharged  state 

t2lcf  j?lchaJSedr^'’ThI  sSlar  times  (twiL  without  Charge  Ind'"'^ 

aSJ  ?h?eTJlmls'^;echa?gld)!'  """"  w1  thoufeharge 

pared ^1n  Flgure^g  with^h^resultrof^thp^*"  blanket  Irradiation  is  com- 

lyure  ^ wiin  tne  results  of  the  computer  predictions.  Both  the  calcu- 


“'•«''»  ‘“»P«red  to  tho 

EipVaK-Sh 

confJIlL^^hll^Jh"’”^  computer  predictions  cannot  be 

confirmed  by  the  measurement  since  the  two  photon  pulses  did  differ  in  nn?L°® 

J®?he\"rI5?  ■'^®  oscillatio^hich  prodlw^I^^^^^^^  It  II  nsec 

?«r?U'’c^??S„?V5S5  nied  t^e^‘faJ'’?a«1'''"?Je 

ference  In  po,se‘sirpe‘'“aKr?l  SSM^e«S^^r?^21Site?  SlllaMo*?  ‘^The"*'' 

r„eT?Sn»s:  ?H-  ir.iw.1  ot£S  r 

app^r  in  thfcode!  “''  P*'‘’P"9"‘'  secondary  electrons  the^  do  Sot 

0fth^^r„?rSn''?JrL?f^cra^3'?r?nrintr^SJlf1Se^:ie7,^ 

?jc‘?eS  ciJ^eTSeX 

iI^asS?^n[s?  comparable  to  that  noted  on  the  thermal  blanket 

Figure  11  represents  the  time  histories  for  the  axial  current  sensor 
?he*"cii^^  current  sensor  and  an  axial  surface  current  sensor  on  the  inside  of 

pJoton  exc??a"t  on“?rL?L"  2'  P*"*'  Precharged  sh^s!  Tile  Mto  ^f  the 

pnoton  excitation  is  noted  by  an  arrow.  An  intense  excitation  on  both  of  the 

axial  current  sensors  occurs  approximately  65  nsec  after  the  ohoton  oulse  The 

threshold  for  spontaneous  discharges  on  the  solar  panel  corresoonded^to  aheam^ 

ilU?na1edYir°^'X"*^°"h*“*'°"-^ 
tauSh'lJJ  a:i?J:?ra5SntSfrlhi;ia?’^^?rde?e^ll„%;’' 
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The  two-d1itiensiond1  code  described  earlier  was  used  to  Investigate  oosslble 
for  triggering  discharges.  The  simplest  assumption  regarding  the 
triggering  mechanism  for  either  spontaneous  or  triggered  discharges  Is  to 

®l®ctr1c  field  threshold  exists  above  which  a discharge  occurs?  The 
Flaure^ipJ  the  thermal  blanket  shown  schematically  in 

anH  consistent  with  the  single  measured  potential 

dielectric  was  assumed.  The  solid  line 
^‘^fjogram  of  the  electric  fields  normal  to  the  surface  at 
surface  resulting  from  this  linear  potential.  The 
the  field  just  prior  to  the  photon  pulse.  The 
dotted  and  dashed  lines  represent  the  field  strengths  at  15  & 30  nsec  after  the 
photon  pulse.  The  normal  fields  above  the  surface  (at  15  nsec  and  30  nsec)  are 

ln?tlIi*^f!oiH  ^5®"  !^®  uncharged  photon  response  and  higher  than  the 

Illn  \r  due  to  charging.  The  Ungentlal  field  at  Position  7 Is  Increased 
1 I?®®*"  ^^®  center  of  the  dielectric  there  is  very  little  change 

within  the  dielectric.  Near  the  edge  (Position  4)  the 
tHr  Increased  but  only  slightly.  The  radial  elec- 

thi  ntlilJ^-i?  this  simulation  achieves  its  highest  value  both  within  and  above 

of  the  radial  photons  merely  cause  a relaxation 

ot  the  radial  fields  at  the  positions  investigated.  The  magnitude  of  the  in- 

sir'ilatlon  are  not  valid  estimates  due  to  cell  size 

limitations. 


The  above  simulation  was  run  for  a model  of  the  thermal  blanket.  The 
geometry  of  a solar  cell,  which  has  a metal  tab  extending  beyond  the  dielectric 
wou  d probably  enhance  the  effects  seen  on  this  computer  model . The  simulatioS’ 
could  not  contain  enough  detail  to  treat  the  solar  cell  case 


^ncc  Jwo. I"® JO'^^Poi^ts,  however,  can  be  made  fr^m  the  simulation.  Fields  in  ex- 
nf  rhay.„o  1°  5^®  initial  charging  can  be  produced  by  the  rearrangement 

dunng  a photon  pulse,  and  this  rearrangement  of 
?n  lasts  beyond  the  end  of  the  pulse.  The  latter  could  be 

providing  time  for  a discharge  to  begin.  Research  on 
vacuum  dielectric  breakdown  has  indicated  that  short  pulse  voltage  thresholds 
are  higher  than  the  threshold  for  long  pulses.  wireinoias 

triggered  discharge  may  have  very  serious  consequences  for  satellite 

evidence  indicates  that  solar-panel  spontaneous  discharges 
^.4^?  °"®  °^u  glasses.  If  a large  number  of  cover  glasses 

were  charged  to  near  their  spontaneous  discharge  threshold,  an  Intense  photon 
cilrf  trigger  a simultaneous  discharge  of  many  of  them,  resulting  In  an 
electrical  stress  to  the  electronics  much  more  severe  than  normally  encountered. 


SUMMARY 


discharges  on  the  large  area  thermal  blanket  material  differed 
significantly  from  those  on  the  solar  panels  covered  with  2 x 2 cm  solar  cells, 
JJIu  be  expected  since  the  materials  are  quite  different  (paint  and  quartz) 
with  quite  different  surfaces  which  affect  the  secondary  electron  emission?  ’ 
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‘ilanket  discharges:  (1)  appeared  aa  multiple  pin  points,  (2)  seemed  to 
frequency  discrete  events*  and  (3)  corresponded  to  small 
age  potential  changes  (small  net  charge  loss  < 50  nC).  Solar  oanel 

spontaneous  discharges:  (1)  appeared  to  be  single  line  dlscharoe^  np;»r  aAnA 

of  on,  or  more  solar  cells,  (zrcorresponded  to  ifrgrLerIgS  sltell??^ 

charge  loss  mw  looo  nC),  (3)  sometimes  represent  total  discharge 
of  at  least  one  solar  cell,  and  (4)  seem  to  be  limited  to  one  or  a few  sola?  cells 

for  surface  current  response 

blanket  illumination  was  in  good  agreement  with  the  computer  simula- 
fi*aiw  modification  of  the  electron  orbits  by  the  transverse  electric 

enhancement  of  the  SGEMP  response  to  first  order.  A 
current  was  noted  experimentally  but  not  in  the  code  pre- 
dictions. This  may  be  due  to  secondary  electrons  not  In  the  code.  ^ 

nn  +h?  'llj^barge  which  was  very  probably  triggered  by  a photon  pulse  was  observed 

d?s^haraa  simila?  tea  spontanteurtelaJ  «11 

discharge.  The  possibility  of  triggering  many  solar  cells  slmultanec  siy  could 

threat  to  electronics.  A code  simulation  has  indicated  that  an 

toS  ‘^‘^®  charge  rearrangement  during  a pho- 

precharged  surface  could  be  the  mechanism  for  triggering  a dis- 
charge at  potentials  below  the  threshold.  ^ 


Many  thanks  to  John  Rutherford  and  IRT  Corporation,  San  Diego  for 
lSTrS?  operating  the  electron  gun;  Harry  Diamond  Laboratories, 
Lewis  Research  and  SpLC.e..Carporation  for  instrumentation  support. 
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• PHOTON  S ELECTRONS  INTO  PICTURE 
(SOLAR  PANEL  ILLUMINATION) 

Figure  L — Skynrt  I satellite  (side  view). 


Electron  Gun 


SIDE  VIEW 


Figure  5.  Electrostatic  voltmeter  trace  of  charging/dlschacging 
sequence  of  thermal  blanket  (charging  rate  3x10“®  A/m‘ 


Figure  6d.  Typical  E dot  time  history. 
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Figure  7b. 


Electrostatic  voltmeter  trace  of  solar  cell  charging  tir 
history  (charging  rate  = 3xl0"5  A/m^). 
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Figure  7c. 


Electrostatic  voltmeter  trace  of  solar  cell  charging  tii 
history  (charging  rate  = 3x10-5  A/m^). 
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Fisure  8a.  Return  current  for  solat  cell  Illumination. 
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Figure  8b.  Return  current  for  solar  cell  / 

second  high  frequency  excitation  ‘® 
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Figure  10. 


External  axial  surface  current  density,  solar  panel  illumination. 
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Figure  11.  Triggered  Discharge 


. ?.Se(n 


Position 

U 

Position 

lU 

HOSITION 

•1 

POSITION 

5 

'OSITION 

1 


Position 
y 


POSITION 
6 


OlHlectric 


POSITION 

3 


POSITION* 
2 ! 
: 


thermal  blanket 
metal  SUaSTKATE 


— q, 

I 


SPACECRAFT 

metallic  structure 


Figure  12a.  Detail  of  computer  model. 
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POTENTIAL  MAPPING  WITH  CHARGED-PARTICLE  BEAMS* 

James  W.  Robinsen 
David  G.  Tilley 

The  Pennsylvania  State  University  •» 


SUMMARY 


Spacecraft  charging  produces  electric  fields  near  the  structures  being 
tested.  The  calculation  of  the  fields  Is  often  difficult  because  of  a complex 
geometry  or  a lack  of  data  for  dielectric  surface  potentials.  This  work  seeks 
experimental  methods  of  mapping  the  equlpotentlal  surfaces  near  some  structure 
of  Interest.  Such  measurements  can  verify  or  supplement  calculations.  The 
two  methods  described  rely  on  the  detection  of  charged  particles  which  have 
traversed  the  regions  of  Interest  and  are  detected  remotely.  Whereas  tech- 
ques  have  been  developed  previously  for  use  with  rotatlonally  symmetric 
systems,  no  such  restriction  Is  applied  in  this  work.  One  method  Is  the 
measurement  of  Ion  energies  for  Ions  created  at  a point  of  Interest  and 
expelled  from  the  region  by  the  fields.  The  Ion  energy  at  the  detector  in  eV 
corresponds  to  the  potential  where  the  Ion  was  created.  An  Ionizing  beam 
forms  the  ions  from  background  neutrals.  The  other  method  is  to  Inject 
charged  particles  into  the  region  of  interest  and  to  locate  their  exit  points. 
A set  of  several  trajectories  becomes  a data  base  for  a systematic  mapping 
technique.  An  Iterative  solution  of  a boundary  value  problem  establishes 
concepts  and  limitations  pertaining  to  the  mapping  problem. 


INTRODUCTION 


Measurements  of  electrical  potential  ultimately  depend  upon  making  an 
observation  of  a charged  particle  in  the  region  of  Interest.  Often  some 
mechanical  device  is  also  Inserted  into  the  region  but  Ideally  one  would  use 
the  smallest  charge,  the  electron,  by  itself.  Then  the  perturbing  effect  of 
the  measurement  would  be  at  a minimum.  This  paper  describes  two  approaches 
for  making  potential  measurements  In  vacuum  where  nearby  surface  charges 
create  the  potentials  to  be  measured.  The  methods  both  strive  to  keep  the 
density  of  test  charges  to  a minimum.  All  detection  equipment  Is  kept  out  of 
the  region  being  measured. 

The  first  of  these  two  methods  uses  the  neutral  atoms  or  molecules  always 
present.  A collimated  Ionizing  beam  of  electrons  or  photons  passes  through 
the  region  and  the  Ions  formed  are  collected  and  analyzed  as  they  drift  out 
of  the  region.  Typically  the  pressure  will  be  10“^  Torr  and  ions  will  be 


*This  work  was  supported  by  The  National  Aeronaut Jes  and  Space  Administration 
under  grant  number  NSG-3166. 
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aeldro{°euhero«laMt3“‘7“  "°  "«“«als  and  it  is  unable  with 

aSt"a°L2!-?SJ  dIS 

caleul.ie„  that 

technique"that  they°lre''dMcribed°Ln'*''’f°?“  aufficiently  in 

effort  L ;ndUa1ed\h«r:pTr:°rL“ 


IONIZATION  OF  NEUTRALS 


molecSe^rJocated'  rsoL‘”Lf:r“J‘t\‘“  “ ® 

then  it  will  be  accelerated  by  the°flic^rirflild  Process, 

positioned  detector  at  reference  potential  ® properly 

energy  of  the  particle  thpn  the  detector  can  Measure  the 

potential  at  tSroJ^glrlaf nol^J 

provides  a map  of  the  region  of  lntere^^^  measurements  point  by  point 
ar.  possible  but  scaral  constraints  nci  tf^r«cognJS?“  “““ 


Resolution 


the  s^rc"p“l\;r“‘“^  f°I  tt‘"  i®  'h®  P°®ltlon  of 

and  centered  at  point  r . If  the^ooi-e^M^l”''^  neighborhood  having  radius  a 

o*  P tential  function  to  be  measured  is  (i)(r) 

then  Its  value  will  be  in  the  range 

Hr)  = Hr^)  ± If  (Ar  + a)  + (1) 

say  for^4>(r)>^lv"*^randomnes^  in*^lon  en  energies.  In  most  situations, 

spread  of  electron  enerSerma^  Jrmu^rM  k u®  "^^lected.  However  the 
species  In  many  situations  but^then  the  preferred 

Ions  toward  the  detector  Th^  must  be  such  as  to  drive 

the  neutrals  being  Ionized  and  arises  from  the  thermal  energy  of 

tl'  r-Xdhbi 

directed  no  more  accurately  than  ..emitted  ™"he\ep?od^nbiiltJ”of‘’°“' 


<8Pn\  O 


Ar  l8  only  moderately  helpful  because  above  decrease 

decrease.  When  the  preceding  factors  n+-«  -i  u i^^lzation  cross  sections 

ionising  agent  bc°r:?-,.,‘„^Ln°C"“"  “' 

Aller’'?L“nnfe.uerrto  o'rlHcrorH''  i*  '•'■•J"-'  delected, 

some  selection  S^ocLs  Eitltl  It  detector  they  must  be  subjected  to 

that  only  those  ions  with  energy  eJLeding°the‘'the8hJl^^ 

system  such  as  a curved-ulate  aLlv^iri^®  , ®r«  recorded,  or  some 

a specified  band.  A threshold  dev^r«  select  particles  with  energies  in 

capable  of  resolving  to  wlJwn  as  it  Is 

resolves  at  7%  (ref.  1) . ” as  a typical  curved-plate  system 


Restrictions 

measured,  one  shouL*^observe°several^preca^  p?  system  being 

stself  should  not  strike  anv  <sitr-fa  ^ the  ionizing  beam 

surface  charge  L °"'erwlse  It  would  modify  the 

would  pass  by  the  structure  creatine  th  ° Interest.  Ideally  the  beam 
absorbed  la  ^ dump  J„'"tJ.“^“t,"rsL"e* 

to  thf:t"r“ctSL‘"  e!e"t™f’'  Is  the  drlftiug  of  eleotrous 

Of  Interest.  ions  aL  ipLn  ! along  with  ions  at  the  point 

attracted.  When  neutral  eas^nr  ^ structure,  the  electrons  will  be 

chamber,  ions  and  electLnraJrreL'Ld  the  vacuum 

beam  path,  yet  they  arfneeded  all  points  along  the  ionizing 

neutrals  could  be  concentrated  at  tht*^  T one  point.  Conceivably  the 
chamber  to  a substantially  lower  preLurf^whilf  pumping  the 

appropriately  directed  noLle  rLn  i k Sas  through  an 

paths  with  the  lonlziL  beam  i.  ; ‘^«'oss 

-inimue  ihc  cbarS-p.^rtlcT.  „lr^urL^ ""  'rr  ’y  ,o 

only  as  lalease  af  ae^ded^f^r  o^^er^JljrtL^- resp”„::'.'‘^‘"''  '’^■ 

POtentlaL‘'belJri^a“uJ^d?‘‘‘u’  s‘'’b!!'aiI,“haWnB  ‘'j;;  the 


= I.|/-!5- 

f 2eV 


The  potential  at  a relative  to  some  reference  radius  r is 

p o 

' vt 


V(a)  - V(r^)  = 

o ^ 


(2) 


O) 


For  a typical  bean,  of  1 mm,  Kf^,  ,,nd  iOO  V.  where  wo  h>t  the  reference 
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correspond  to 
V(a)  - V(r-^)  = 


oi^am  experiments 

dcscrJLf  were  bum  by  David  Roaa  as 

are  given.  <>«  described  here  and  some  results 

of  ap™Lre“'X‘'outer»e«tfhL"rH5""®““"  = P»i>- 

19.6  ...  fro.  the  inn^Ipertu"rLv?^s  a dZ  ^ “ “■<  “ “a*  Pieced 

•ere  grounded  and  the  filament  wL  blLed  ar^fsov'to  o^oZ'  ePeP'"''® 
a fine  wire  probe  was  moved  throuah  the  oith  nf  ^K  k ^ current.  As 

divergence  of  2.6®  such  that  at  a tvnlra?  n it  showed  a beam 

beam  width  Was  4.5  mm  Currpnrd  d working  distance  of  10  cm,  the 

probe  wire  provided  more  than  adequatr^za^loi^  ‘*^‘=®‘^ted  by  the  l-nun 

typically  at  70v"rJlatiJj°Jo'^the^detectoriLat^  biased 

Figure  1 shows  computed  equiootentlal  cated  near  the  ground  plane, 

the  test  configuratior  th^  ‘=°"tours  and  particle  trajectories  for 

was  mounted  with  two  degrees  of  freedom'*'^?  along  the  x-axis.  The  ion  source 
a beam  more  or  less  parallel  to  th«,  ^ ong  the  x and  y axes  and  projected 
essontUUy  t«o:nmonmial!  " * »«Porl"ont  .as 

tuncJoL!l‘L^J:rof  PP^^-  1-P 

angle,  a measure  of  Ion  e-ergy  and  a Mans^  jofsetor  plane,  a measure  of  beam 
detector  element  was  a co4[nnn«  1,  ® detecting  particles.  The 

pulse-generating  mode  so  t.^at  it  woulf  indica^rthf  Jmpacror®’'^?^ 
input  cone.  It  was  follnuo/i  ..  itnpact  of  an  ion  on  its 

which  showed  pulses  aidT«ltl'r“  I®"*  P"PUHot,  an  oscilloscope 

had  to  pass  through  a set  ortJJZ'.  f p'“'’  p"'  ‘"P“P  '“"p  PI-'X 

provided  the  various  types  of  discrimination  PfP®^l®P  olootrode  which 

were  rigidly  mounted  lii  i “ C?  . elements  of  the  system 

meciianlcal  linkages.  could  be  translated  and  rotated  by 


when  wrrJZlS":  co”reslf',r^“r”'  “"P*- 

the  inner  chamber.  The  apertures  were  12  7 mm^aorJlt® 

of  0.76  mm,  and  the  Inner  0 3H  L apart,,  the  outer  had-a  diameter 

a measured  half-wldth  of  3®  ® had 

provill::;’  t;:rl.;g^:T:;i:L apertum,  a„d  the  cylindrical  repeUcr 
created  a saddle-point  nouiMiH^^  repcller  was  biased  positively  and 

sufficient  energy  to  pasroJoi^  apertures.  When  particles  had 

third  aperture  and  were  detected.  The  hoirin^the'^thl^^rf"^*""^** 

larger  than  the  others:  this  was  tn  i third  aperture  was  somewhat 

pas,scd  over  the  sLdle^o  nt  “1^.:  1 n Paxticles  deflected  os  ihev 

aoutt  point,  figure  3 shewn  response  ss  a fuiietion  of  hl.is 
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°£  “,;sr 'i:? 

S.-;S  .... 

"LTiiiTot  tiv^VT^Tri  .tj{j  - 

should  be  maintained.  ^ located.  However  the  energy  resolution 


X-Ray  Beam  Experiments 

elect«rbia^^v!i'  °l  “ '’®‘'"  'y*'""  ■’«  •>“"  completed.  The 

an  .x-r"  z^zi  T. 

;:;e“de::c^e\!'-rptrr‘h:irder:r‘“^- 

tationa  „i  the  x"a^""eL?-°:;?  -i:^Lrh:::^jr:he%%e'nn‘‘orr  J r*'"- 
grSed  tu,'g'tL‘’ai™“f  loaTrfjre^a"  Ti  “ "“rt, 

EsS.iF="“  =■  “'.=:-r:n.T4™  r;„... 


POTENTIAL  MAPPING  FROM  PARTICLE  TRAJECTORIES 


trajectories  to  map 

trie  potential  profile  have  been  repo’-*^-'* 
mapping  technique  has  been  described  where 


magnet le  field 
potential  maps 


ti  totatlonally 

xeu  vrets.  j,i*)  and  a general 
^ reasonably  dense  plasma  and 
, 1 , , , 'This  work  st'ckr#  methods  of 

whore  Laplace  s equation  is  valid 


are  required  (ref. 


and  magnetic 


generating 
field  is 


blO 


obtained  by 

observing  their  exit  points  A ^ oearas)  with  known  velocities  and 

ha^,ro.We<i  a aseful  frama'af  r.ference1o^“^JJSi:a' 

Boundary  Value  Problem 

oharga"'da„“urJ:  iLlTo  equivalent,  when 
always  be  finite,  i.e  a equation.  The  data  set  will 

been  observed,  and  the ’map  will  consequentlJ^be^ai^  trajectories  will  have 

must  decide  upon  the  level  of  detail  he  teaulres  analyst 

sufficient  for  his  purposes  He  m.le^  ‘J'^ites  and  select  a data  set 

a manner  represented  by  the  function  v - misuse  his  data  in 

to  the  set  of  points  (y^  = = 2nl) . v^hich  provides  a perfect  fit 

boundS'  “ua“  ^hS:  inTc:lUTtktt\tV^  ‘ prallnlnary  stud,  of  a 

problam  of  intsrest.  Being  sought  was  an  lterat)v^*J*”n'?  “ ”“•’■’*"8 

converge  toward  a solution  as  precise  I ^ technique  which  would 

fy.  Convergence  was  acco;,Sshn1rc^SX°r'”"?*“°“ 

potential  on  a set  of  oT&SS^:^  thVh^L^^'. 

estlnated  sLitlonV'be°of*a  fSnctloilal  f*  function.  Let  the 

equation.  Also  let  tome  petLrbatl^ro  baplace's 

which  decreases  with  distance  fron  son,e'‘slngular  pjl‘“ 

♦ - 4 ^St  be  a solution  because  of  Je  supLpt'itlo^^rSc'ip;::.  When 

j is  proper  y chosen,  q will  match  the  boundary  conditions  s»re  closely  than 

16calSer?o‘a“S®por‘t?rorthrbo'  Porturbatlon  »st  be 

made  in  the  match  for  that  portion  the”ofh^  Improvement  is 

much.  Also  the  slngularUv  mJst  hi  ^ 5"  Portions  will  not  be  changed 
Consequently  the  singularity  will  b6  plLL  °e  *^®8ion  of  interest, 

boundary  where  matching  is  L be  imnroifS  *=°  the 

single  charge*  a dipolf.  or  a higher  order  pile  he  that  of  a 

exclusively  with  dipoles  Thqav  fvo  chosen  to  work 

difficult  to  manlgulate,  1_.  ^ reasonably  localized  without  being  overly 

a dlpol^^r®*’®*'^  location  and  preferred  direction,  we  may  describe 


a dlpol^^r®*’®*'^  location  and  preferred  direction,  we  may  describe 

= li  (cosa)/p^ 

the  distance  of°the”fleid°'piLt'''  ThlB"ls'th"  °*  I”*"'-  “"<•  “ 1* 

s.ons  for  a dipole  consisting  oi  plus  and  »lLs'’J:uJ1hIrg:s'‘™os:.,’  s^S, 


d 


,W  w 


H«.ver  work  the  choice  should  be 

“ M (cosa)/p 

„kd  u (5) 

wiuch  represents  the  potential  fn^  < 

case  the  separation  between  charges^ls^mali"*^*''^®  charges,  in  either 
® ®i"6ularity.  When  a 2-dlmeLloial  d?i  ^ the  dipole 

field  point  at  (x.y).  then  eJvef by  " “ ‘-d-fd)  a 

* . j;  a°°e  (x-x^)  +|i  Sins  (y-y,) 

“*  + (y-yj)^ 

Tho^lhle^ne'ed  nS“«t‘rtct1, and'lt™“«n1en7\“‘7  “ “-‘fraction. 

and  sinfi  ^ ^ U u convenient  to  choose  cos3  = - x /r 

^ where  r.  Is  the  disn1aoo«m.,e.  _r  ..  . d'^d 


and  slnS  = - v /r  h convenient  to  choose  cos3  = - x /r 

^ ^d'^^d  where  r Is  the  displacement  of  th^  h-  i r 

Thus  when  p is  positive  tha  n ^ ipole  from  the  origin 

0,  is  given  by  ■’“‘“''a  aide  of  the  dipole  faces  the  origin  and 

<i)  - - IL  •*•  yd<y-yJ 

"d  (x-x^,2  ..  ( ,2  ) (7) 


the  oruint  Parturbatlon  In  , ut 

point  (R,e)  the  discrepancy  and ‘Xat  for  some  boJ,d„T 

e at  dlacrepaLles”nd  tSerplLl  ^1,“'?  “"''1“°" 

d R.  See  figure  5.  At  (R,0) , equation  ^)  ^edJce^to''' 

4>j(R,0)  = u/(r.-R) 

and  ** 

at  t occ„r 

re",'uJri"ha't  ” *h  -Presents  the  s“rc»u%\^„l“*%«Xtn^r 


<J>b(R,0)  » ^^(R,6)  + u/(r^-R) 


u \y  / 

rpt^^iouayijeMne'd! « “-h 

:jap  :iie"pil‘ -!ihe““fntr:f‘S’^ 

s^i«ron°f 

o the  relatively  smooth  boundary  functlc  n H w i little  resemblance 

tRa  sat  Of  houndery  points.  Pnt^h'^:“e‘":aJlo^''^JLJCsty 


choices  of  p and  ar^  made,  wnen  a minimum  distance  r,-R  Is 
fln^  ® dipole  caft  be  forced  to  influehcfi  Several  boundary‘*polnts 

number  of  boundary  points  n is  that 

VR  - RG/n  (lOj 

where  typically  G ^ 2tt. 

obtained  by  specifying  that  all  dipoles  will  be  a 
given  distance  from  the  boundary.  In  this  case  the  number  of  dipoles  Is 
equal  to  the  number  of  boundary  points  though  a given  dipole  strLgth  mav  be 
of  contributions  from  severel  iterations  HowevS  Ln^eref^ce^L 

illuat^aLi^®°”®^r^‘'r^°"  introduced  for  picking  distance,  figure  5 

^ situations  in  terms  of  discrepancies  Indicated  bv  each  oolnt 

where  we  define  discrepancy  at  the  1th  point  by  ^"o^cated  by  each  point 

**1  “ ***bl  " '^’ei  (11) 

When  several  adjacent  points  have  discrepancies  of  the  same  sign  the  dloole 

o^Ser  h^H  those  poSIts.  0^  Jhe 

NoUng  «“)  locISf  ti“  i“  sign.  th.  dlpDle  should  be  close, 

/o*  (g.n)  locates  the  point  of  absolute  maximum  discrepancy,  we  let 

(*  .6  ) represent  the  hearest  point  for  which  the  discrepancy  Is  of  th! 

constant  0 f T <*'l“ie®  **®/*^®  average  absolute  discrepancy  and  T be  some 

conscanc  u < T < 1,  we  can  select  r , so  that 

d 

♦jOC.e’)  =+Td^  (12) 

r(.V*r>*forcM“  'h  “’c  ““ns  for  ♦j(R.e).  This  requirement  on 

,0  ) forces  a choice  of  r.  that  is  Sensitive  to  the  polarities  of  nearhv 

smair^the  are  necOssaty.  When  T Is  specified  as  being^ 

satisfy  equation  (10)  which  must  be  given 

r 5®®  ‘^**®  '^®*‘v®*^eence  will  be  slow  and  perhdps^onexis- 
t.  The  benefits  of  Introducing  equation  (12)  are  relatively  minor. 

a » in  concept,  dipole  perturbation  alone  should  suffice  for  flndlne 

«rrota?i;g®°shl??f  These 

M scaling  of  the  estimated  potential  function.  As 

potential  one  may  simply  assume  that  <{.  = x.  However  if 

Is^fltibion^J  i increases  more  or  less  as  y,  then  a preliminary  rotation  of  90" 

iepresen^rfshlf?”®  subsequently  replace  (D^  by  - <1.^  + b where  b 

represents  a shift.  In  terms  of  discrepancies  b is  calculated  from 

b ® - 2 d^/n 

When  shifting  has  been  done  the  average  potential  is 


‘Oa  " I " I (U) 

Finally  a scaling  factor  can  be  determined; 

= = sifbr'i',1  / (15) 

The  potential  <p^  is  replaced  by  a scaled  potential: 

<|>"  = c <(p’-(p^)  + (j>^  (15) 

For  our  work,  each  dipole  addition  has  been  preceded  with  both  shifting  and 
scaling  operations.  ^ 


method  have  been  explained  for  the  2-dimenslonal  case, 
though  no  assumptions  have  been  introduced  which  would  limit  the  method  from 
being  applied  in  3 dimensions.  The  number  of  boundary  points  would  be  larger 
and  correspondingly  more  dipoles  would  be  required. 


Potential  has  been  found  at  points  Inside  of  a square  by  the  method  of 
perturbations.  The  test  problem  is  specified  in  figure  6 which  shows 
20  boundary  points  uniformly  distributed  in  angle.  All  points  on  the  bottom 

assigned  a-  potential  of  0 and  the  others  a potential 
of  10.  Potentials  were  calculated  for  boundary  points  and  for  an  array  of 
internal  points  layed  out  in  polar  coordinates.  Equipotential  contours  were 
then  plotted  as  shown  in  figure  7.  Points  on  the  equipotentials  were  found 
f intepolating  along  a straight  line  between  array  points;  some 

of  the  irregularities  noted  in  the  figure  may  be  attributed  to  the  approxi- 
rSir  the  interpolation.  Potential  intervals  between  curves  are 

tharild  dipoles  where  the  convergence  criterion  was 

that  2:|d^|  < 0.00001,  though  a much  less  stringent  criterion  could  have  been 
used  • 


Potential  Mapping 

The  transition  from  the  boundary  value  problem  to  the  partlcle-trajector) 
problem  is  accomplished  by  using  trajectory  data  in  place  of  boundary  data 
when  synthesizing  the  potential  function.  The  general  approach  is  to  sum 
contributions  of  numerous  dipoles  placed  outside  the  region  of  Interest  such 
that  simulated  particle  trajectories  in  the  region  match  the  observed 
trajectories.  As  in  the  boundary  value  problem,  the  solution  is  not  unique 
and  the  data  must  not  be  overextended. 

1 defined  in  two  dlmensic'ns  with  reference  to  a Hne 

along  which  both  beam  source  and  detector  move.  A beam  is  injected  into  the 
space  above  the  line,  repelled,  and  returned  to  the  line  wherv?  Its  exit 
position  is  monitored.  Measurements  are  of  entrance  position,  entrance  ve- 
locity, and  exit  position  for  as  many  selected  buiuns  as  required  by  the 
application.  The  beam  can  be  of  either  electrons  or  ions.  A computer 
simulation  uses  a known  potential  distribution  that  can  be  produced  experi- 
mentally with  a sot  of  parallel  fins  as  illustrated  in  figure  8.  The  base 
line  is  at  ground  potential,  all  fins  arc  equally  biased,  and  equipotential. 
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lines  have  been  computed  fot  the  conflgutatlbrt.  Shown  In  the  figure  are 
several  simulated  particle  trajectories,  the  potential  (fi  can  be  found  with 
a conformal  mapping  from  a flat  plane  given  by 


<t>  ■ Imag  (sin  ^<e®)l  - Xmag  (sin"’^(e'')  1,  w » + lx  (17) 

The  zero  potential  line  does  not  exactly  match  the  X-axis  but  the  error  is 
small  enough  to  be  ignored  if  c exceeds  2^  The  fin  spacing  is  tr. 

Experimental  trajectory  data  are  being  sought  to  test  the  procedure  but 
they  can  also  be  simulated  With  a trajectory  tracing  program.  In  fact  the 
simulation  will  permit  an  assessment  of  what  experimental  errors  can  be 
tolerated.  Both  for  providing  simulated  data  and  for  use  in  the  potential 
mapping  procedure,  a tracing  routine  developed  by  PeVogelaere  (ref.  6)  has 
been  programmed.  The  routine  requires  fields  to  be  calculated  at  specific 
points  on  the  trajectory  and  when  potential  is  specified  on  a discrete  set 
of  points,  Newton's  Interpolation  procedure  (ref.  7)  is  used. 

The  scenario  of  the  simulation  follows  three  steps.  First  the  potential 
illustrated  in  figure  8 is  calculated  for  a square  array  of  points.  The 
simulated  particles  are  injected  Into  the  array,  trajectories  are  traced,  and 
exit  points  are  recorded.  Finally  these  simulated  trajectories  are  used  as 
a basis  for  generating  Various  potential  maps  which  can  be  cOnqtared  with  the 
®^lgi**®l  array  to  assess  the  effectiveness  of  the  mapping  procedure. 

The  map  Is  constructed  by  placing  dipoles  above  the  region  being  mapped. 
Let  the  vertical  placement  y . exceed  the  maximum  range  of  the  map  so  that  the 
singularity  does  not  fall  in  that  range.  There  is  a requirement  thit  the 
reference  plane  have  a fixed  potential  so  that  a dipole  placed  at  (x.,y  ) 
must  be  balanced  with  its  image  at  (x.,-y.).  An  original  estimated  potential 
function  (|)  = ay  is  then  perturbed  by  Ehe  placement  of  dipoles  in  pairs  until 
some  convergence  criterion  is  met. 


Work  in  progress  presently  deals  with  the  process  of  selecting  dipoles. 
Shown  in  figure  9 is  a map  which  has  partially  converged  after  the  placement 
of  8 relatively  weak  dipoles.  The  convergence  is  quite  slow  and  subject  to 
instabilities  if  it  is  speeded  Up.  For  this  particular  map,  each  dipole 
selection  was  based  on  the  trajectory  which  deviated  most  from  the  desired 
exit  point.  This  approach,  analogous  to  the  correction  of  the  worst  point 
in  the  boundary  value  problem,  has  some  basic  flaws  Which  are  best  overcome 
by  considering  several  neighboring  trajectories  in  making  the  choice  of  a 
dipole.  For  example  if  two  trajectories  at  different  x-values  have  deviations 
of  opposite  sign  then  a dipole  might  be  placed  at  some  x-  intermediate  between 
them.  Choice  of  y^  is  related  to  how  many  trajectories  are  to  be  substan- 
tially modified  by  the  dipole.  In  any  case  dipoles  are  to  be  kept  at  least 
as  far  above  the  boundary  as  the  trajectories  are  spaced  from  each  other. 
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CONCLUDING  REMARKS 


MeasuretteAts  show  that  a beam  of  electrons  or  photons  can  ionize  enoueh 
neutrals  at  10  5 xorr  that  they  can  be  detected  by  a continuous-dynode 
electron  ^Itipller  behind  collimating  pinholes.  The  energy  of  the  ions  when 
detected  is  a direct  measure  of  the  potential  where  they  were  created.  The 
photon  beam  has  the  advantage  that  it  can  be  directed  to  the  desired  spot 
along  a straight  line  whereas  an  electron  beam  curves  in  the  electric  and 
magnetic  fields  usually  present.  Though  the  ion  detector  was  designed  to 

provide  spacial  and  angular  resolution  of  the  ion  trajectories,  it  need  only 
resolve  energy.  ^ 


> 


A inethod  of  solving  Laplace's  e<luatlon  is  described  where  the  final 
solution  is  the  Sum  of  some  initial  estimate  and  the  contributions  of  selected 
dipoles  placed  outside  the  region  of  interest.  A preliminary  calculation  is 
based  upon  the  specification  of  potentials  on  a discrete  set  of  boundary 
points.  %ls  result  is  then  extended  to  the  use  of  particle  trajectory  data 
? boundary  potentials.  Work  in  progress  seeks  to  identify  efficient 
Schemes  of  picking  dipoles  from  an  analysis  of  trajectory  data  sc  that 
potential  maps  may  be  generated. 
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ABSTRACT 


As  a part  of  an  extensive  program  to  assess  and  ameliorate  the  electro- 
static discharge  hazard  to  the  Voyager  spacecraft  ^tosed  by  passage  througn 
the  charged  particle  environment  neat  Jupiter,  a testing  activity  to  charac- 
terize the  behavior  of  selected  Voyager  materials  was  undertaken.  A series 
of  twelve  material  and  component  samples  were  exposed  to  an  electron  beam  in 
order  to  measure  the  time  history  and  amplitude  of  resultant  electrostatic 
discharges.  These  tests  were  conducted  at  a Boeing  Aerospace  Company,  combined 
radiation  effects  test  chamber. 

The  typical  experimental  design  was  to  mount  the  test  article  with  its 
dielectric  surface  facing  the  beam  and  its  conductive  portion  isolated  fro* 
ground  except  by  way  of  a shielded  cable  on  which  a discharge  pulse  could  be 
observed.  The  behavior  of  the  sample  was  then  observed  at  bombarding  energies 
frcm  20  to  100  keV  in  increasing  20  keV  increments  and  then  90  to  30  knV  in 
decreasing  20  keV  Increments.  Observations  were  made  at  each -energy  for 
nominally  two  hours  at  an  electron  flux  of  AxlO^  cm"2a”l. 

INTRODUCTION 

The  differential  electrical  charging  of  spacecraft  surfaces  in  a charged 
particle  environment  is  a recognized  subject  of  Interest  to  spacecraft  design- 
ers. This  effect  was  originally  a matter  for  the  scientific  instruments  sUch 
as  charged  particle  spectrometers  where  the  measured  spectrum  would  be  offset. 
However,  the  observed  correlation  between  anomalous  effects  in  the  electronics 
of  geosynchronous  satellites  and  magnetic  substorms  is  a strong  indication 
of  differential  charging  and  subsequent  electrical  discharges  (Ref.  1). 

The  Voyager  Project  established  an  extensive  program  (Ref,  2)  to  assess 
and  minimize  this  electrostatic  discharge  (ESD)  hazard  for  the  two  Voyager 
spacecraft  which  will  encounter  the  radiation  environment  near  Jupiter.  This 


*Thls  work  presents  the  results  of  one  phase  of  research  carried  out  at  the 
Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  under  contract 
No.  NAS7-100,  sponsored  by  the  National  Aeronautics  & Space  Administration. 
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program  a objective  was  to  design  the  spacecraft  so  as  to  eliminate  the  hasard 
and  to  demonstrate  through  testing  and  analysis  that  the  goal  had  been  met. 
Components  of  this  program  included  analyses  of  the  differential  charging,  due 
Co  electrons,  protons,  and  the  photoelectric  effect,  of  the  Voyager  spncecr.aft 
(performed  by  Sanders,  et  al,  of  tRW  (Ref.  3)),  a systematic  design  procesa 
to  eliminate  wherever  possible  exposed  dielectrics  from  the  spacecraft,  simu- 
lated BSD  tests  of  the  spacecraft,  and  the  computer  code  Systems  Electromag- 
netic Analysis  Program  (SEMCAP)  (TRW).  The  work  described  in  this  paper  was 
intended  to  characterize  the  remaining  suspect  materials  (from  an  BSD  view- 
point) and  to  provide  values  for  the  magnitude  of  possible  discharges.  This 
data  was  required  to  ensure  that  the  simulated  BSD  tests  were  adequately 
severe,  and  as  Input  to  SEMCAP,  whicK  was  used  to  predict  potential  adverse 
subsystem  responses  and  verify  that  corrective  measures  were  appropriate. 


Procedure 

A series  of  twelve  material  and  component  samples  from  the  Voyager  space- 
craft were  exposed  to  an  electron  beam  in  order  to  measure  the  tine  history 
and  amplitude  of  resultant  electrostatic  discharges.  The  test  articles  wer-e 
FEP  teflon,  a section  of  magnetometer  boom  longeron  with  a piece  of  bare 
cable  braid  mounted  on  it,  a section  of  longeron  with  a piece  of  jacketed 
cable  mounted  on  it,  a piece  of  the  magnetometer  cable  (alone),,  a flight 
Brewster  plate,  a piece  of  plume  shield,  a section  of  the  high  gain  antenna, 
a piece  of  the  frequency  selective  subrcflector,  a separation  connector,  a 
piece  of  thermal  blanket,  a sample  of  the  radioisotopic  thermoelectric 
generator  (RTG)  case  coating,  and  an  end  dome  of  an  RTG  case  (Table  1).  In 
general,  these  test  articles  can  be  categorized  as  follows:  U)  planar 

dielectric/conductor  structures  (teflon,  Brewster  plate,  high  gain  antenna); 
(2)  non-planar  dielectric/conductor  structures  (magnetometer  boom  longeron, 
frequency  selective  subreflector,  separation  connector);  and  (3)  structures 
of  unknown  dielectric  tendencies. 

The  samples  were  exposed  in  one  of  two  Boeing  combined  radiation  effects 
test  chambers  (CRETC)  (Fig.  1).  These  systems  are  clean  vacuum  systems  with 
fluidless  pumping  and  glass,  ceramic,  and  metal  seals  and  with  provisions 
for  the  simultaneous  exposure  of  a sample  to  electrons,  protons  and  ultra- 
violet. In  these  tests  only  the  electron  source  was  employed,  at  energies 
ranging  from  20  to  100  keV  and  a flux  of  4x10^  em’^g"!. 

The  electron  energy  was  calculated  from  the  known  electron  gun  cathode 
potential  with  a loss  in  the  aluminum  scattering  foil  based  on  range-energy 
tables.  A rotatable  Faraday  cup  was  employed  to  measure  the  electron  beam 
P'^o^ll®  after  the  spreading  by  the  foil.  A second,  fixed  Faraday  cup  was 
standarlzed  for  the  flux  at  sample  center  and  then  used  to  monitor  the 
electron  beam  during  the  exposure  of  a sample. 

The  test  articles  were  mounted  so  that  the  dielectric  surface,  l.e.,  the 
exposed  surface  in  spacecraft  use.  was  facing  the  electron  beam  (Fig.  2,  3, 

& 4).  The  conductive  part  of  the  test  article  was  Isolated  from  ground  except 
by  way  of  a shielded  cable  on  which  a discharge  pulse  could  be  observed.  This 
signal  cable  was  connected  to  ground  through  a 50  fl  resistor  for  Impedance 


matchlnfi.  llu«  djsih.irgo  pulses  were  measured  by  n tnst  rise-time  current 
probe  on  the  ground  wire  or  the  voltage  across  the  resistor.  The  measured 

f-srwr^Mn  bandwidth  70(H)  series  Tektronix  scope  with 

fast  writing  speed  (2cm  ns  ) and  recorded  by  a Polaroid  camera.  A simple 

located  in  the  chamber  to  count  all  events.  Including 
Use  too  small  to  trigger  the  pulse  me.asurement  circuit. 

The  general  test  procedure  was  to  expose  the  sample  to  electrons  at 

Increments  and  then  90  to  30  keV  in 

hours'^  <l«o‘‘‘fnont8.  At  each  energy  observations  were  made  for  about  two 

Test  Results 

A summary  of  the  test  results  is  provided  in  Table  2.  Without  exception 
all  of  the  samples  known  to  be  dielectric/conductor  structures  exhibited ^single 
pulse  discharge-like  events  (Sec,  e.g.  Fig.  5).  These  samples  .are  the  teflon 
magnetometer  boom  longeron  (with  cable  or  cable  braid),  Brewster  plate,  high 
gain  antenna,  frequency  selective  subreflector  and  the  separation  connector. 
Conversely  all  ot  the  samples  whose  exposed  dielectric  surfaces  bad  been 
modified  during  the  Voyager  ESD  program  tt  'nliance  conduct ivi tv  and  confer  FSD 
immunity  exhibited  ^ atypical  events.  The  signal  from  an  atvpic.al  ^vent 
was  similar  to  a damped  oscillation  with  a fast  freqiiencv  (0.2S  to  0 SO  ns~>) 
.and  a decay  period  of  50  to  200  ns.  Tliese  samples  were  t»,e  magnetometer  cable 
(alone)  and  the  thermal  blanket.  The  teflon  outer  insulation  of  the  cable 
had  been  replaced  by  i wrap  of  "conductive"  teflon  tape.  Similarlv  the 

°TJ' 

Of  the  doubtful  dielectrics,  the  plume  shield  produced  three  single-pulse 
signals  during  its  entire  exposure  .and  a larger  number  of  atypical  events^ 

The  sample  exposed  had  a black,  low-conductivity  surface  as  supplied  (perhaps 

to  viilH  Jbe  two  different  sized  samples  of  RTG  case  were  observed 

to  yield  only  atypical  signals,  however  (Fig.  6,  7 & 8).  There  is  some  un- 

'i  tbe  iron  tltanate  (in  a borosllieate  m.atrix) 

tw^■  Lmc':; 

DISCUSSION 

Tlie  teflon  results  lend  themselves  to  analysis  heeause  of  the  planar 
geometry  and  the  known  breakdown  voltage  of  the  material.  In  addition  the 
special  s.ample  holder  employed  (Fig.  2)  drastically  reduced  edge  effects  by 
beam  m.a8klng.  Ihus  one  expects  ,i  total  surface  charge  of  ll.(n.C  from  the 
calculated  capacitance  and  a bre.ikdown  voltage  of  17.5  kV.  The  charge  observed 
In  the  largest  single  discharge  (determined  by  integration  of  the  current 
pulse)  was  In  fact  12iiC(Flg.  5). 

(Ref  I'ontrasts  to  some  extent  with  the  findings  of  Stevens,  et  a1 . 

(Ret.  4)  of  a replacement"  charge  of  15uC  (measured  as  in  this  wark)  for  a 
me.i8ured  dibcharge  of  50  to  bOpC  in  137pm  (5  mil)  FKP  teflon  Stevens  er  -,1 
determined  the  ne,.,nl  dIschnrRe  from  the  surCnee  p,"enri.,1™d,.?.  nmi 
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breakdown  and  a measurement  of  the  sample  el  feet  I ve  eapa.  i taii.  «‘  bv  tlu-  surl  aee 
charRe  and  voUnj-e  dependeney  durliiR  eharninp,.  They  ean.  lmled  that  tlu> 
replacement”  charge  does  not  appear  to  compensate  litr  aH  oi  tite  cliaij-e  lost 
in  the  discharge.  As  noted  in  tlielr  work,  however,  edgi-  el  fe.  ts  are  very 
important.  Ihe  expected  surface  charge  for  their  larg.er  sample  would  he  hhuf 
on  the  basis  of  the  ideal  capacitance  and  breakdown  voltage  (compared  to 
ll.hpC  for  this  work).  However,  the  edge  effects  lowered  tlie  observed  hieik- 
down  voltage  to  12  kV  from  17.5  kV  and  evidently  increased  the  effeet ive 
capacitance  from  3.8  nF  to  a value  between  4.2  and  5.0  nF.  Sime  edge  eftects 
drastically  lowered  the  breakdown  potential,  perhaps  much  ol  the  missing  charm 
was  an  edge  breakdown* 


A comparison  of  the  maximum  currents  observed  in  tins  work  ai.  i Kefereme 
4 shows  them  to  be  approximately  commensurate  (250A  vs.  lOttA,  ivspeei ivel v) . 
Even  if  a factor  of-  3 to  4 Is  applied  to  the  previous  work’s  result  to 
predict  an  arc  discharge  of  300  to  400A.  this  conclusion  is  uiulianged. 
Further,  the  pulse  widths  observed  have  a ratio  of  about  10  and  the  discliarge 
charges  about  5 (in  the  opposite  sense).  It  appears  that  in  the  absenee  ot 
e ge  effects,  the  total  charge  is  observed  and  scales  witli  area  (a  i actor  of 
6).  However,  the  pulse  width  also  scales  with  t e area  (an  K(‘  constant),  so 
that  the  peak  current  is  not  dependenc  on  surface  area,  i.dge  tiiscliarging 
evidently  causes  part  of  the  current  not  to  be  observed  as  ’^op laciiiieni " 
current  and  lengthens  the  duration  of  tlie  "replai  wot"  sig.nal. 


Tlie  magnetometer  boom  longeron  section  and  cable  In  aid  test  (lie  '.) 
produced  a very  Interesting  result.  During  th.-  exposure  ei  this  sample  the 
charging  ol  the  liberglass  Irngerou  caused  a force  v,?hich  ai  tr  icte*!  the 
flexible  cable  braid.  Tlie  hiaid  was  ohs'.  rved  to  Im>v;  out.  contact  the 
relatively  stiff  longeron,  and  occasional Iv  remain  in  contact  for  periods  up 
to  fit  teen  minutes.  The  subsequent  sudden  release  was  alwavs  et»rrelated 
with  the  observation  of  a discharge  sicnal.  After  tin-  test  a dirett  measure- 
ment ot  the  force  required  to  produce  luis  observation  set  the  valite  it  O.  I I N’. 
A calculation  of  the  force  in  terms  of  a uniform  liiw  ol  .-harci  parallel  *o  i 
cylindrical  conductor  leads  to  a total  charge  on  the  lo„j^.,oron  ot  S.-Sxin-'e. 

In  terms  of  capacitance  and  breakdown  voltage,  ti  e 15-cm  se. i ion  cortespoeded 
to  8.6pF  charged  to  -10.2'kV.  Tl,e  maximum  observed  charge  was  >x!,.-8r  on  a 
5A  dir.charge  event.  Tiie  simplest  explanation  of  Hie  ohservati.ui  ol  on  I v 
part  ot  the  possible  total  arc  charge  is  tliat  the  .1  i s.  b.ii  ge  wos  part  i.H  due 
to  the  braid  springing  hack  and  tho  riniitod  ii'gion  of  original  itatari.  In 
‘‘I  charge  was  ohs.  rve.i  in  Hu-  "is,  lace- 


ment 


signal.  Kdgc  effects  were  also  operative  siiHg>  the  eoble  braid 


- .....  X X 1 1 1 V % . i I » 1 1 - 1 1 1 « 1 1 w vv’  a s 

mounted  on  the  longeron  by  conductive  "knuckles".  Tlierefore  anv  discharge  frott 

"knuckles"'*'*'*'^  ^•omponent  is  limited  to  that  from  a seel  io,i  betv,;een  adj.uent 


The  atypical  pi  Isos  are  the  most  difficult  result  to  umlet stand . On  the 
basis  of  their  appearance  In  the  low  resistivity  samples  only,  the  hypothesis 
of  a burst  of  very  small  local  discharges  Is  attractive.  Ihe  dampin,-  would 
then  be  due  to  mutual  inductance  of  these  several  par  illi  l hreikdowii  paths. 
The  reslstively  damped  hKC  oscillation  interpretation  is  supported  by  tlie 
o served  cliange  in  the  appearance  of  the  signals  from  the  Ki’C  case  end  dome 
when  an  external  47pH  inductor  vmK  placed  in  parallel  to  the  i*\iern.il 
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resistor  (Pigs.  7 and  8). 
with  its  thin  oxide  layer* 
charges. 


The  plume  shield  may  have  been  an  Inteniledlate  case 
i.e.,  some  global  discharges  arid  some  local  dls- 


»"  « «at«Us.  steal 


CONCLUSIONS 


s.siu«:aV"S“oi“Lrs^:c«oSu  t“"*“  '■“» 

.,Bu::,'.‘;T.s:r:;  ‘sr;:ss  - 

niG3suir©ci  ir©Dp©spn t*  ^ u _ ^ _ xnc  Ciiirir©n^ 

ia  fantnr-  n c ®P‘esents  a charge  coDunensurate  with  the  actual  discharge 

pearcu:rent"prSi;1oes^,;rL'£'£^^ 

SLSIS 

sample  surface  area.  ® parameters  would  scale  with 


Further  systematic  research  would  be  desirable  to  nla#«A  c 

lilsagmsist? 
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TABU  1.  • PHYSICAL  PROPERTIES  OF  SAMPLES  USTEO 


TEST  ARTICLE 

TI  DIELECTRIC  SUffACE 

COMPOSITION 

THICKNESS 

l>tml 

AREA 

(f:m2| 

■ CAPACITANCE 
(pF) 

FEP  teflon 

FEP  TEFLON 

127 

30 

630 

LONGERON /CABLE  BRAID 

fiberguss 

.g/A 

N/A 

8 6 

LONGERON /IVUC  CABLE 

FIBERGUSS/ TEFLON* 

N/A 

N/A 

7 

MAG  CABLE 

teflon* 

63 

43.  b 

? 

BREWSTER  PLATE 

EPOXY 

30  I 

620  1 

38,000 

PLUME  SHIELD 

1 NICKEL  OXIDE 

? 

50 

? 

HIGH  CAIN  ANTENNA 

PV-lOO  PAINT  1 

lOOLNOMI 

290 

2300 

PV-lOO  PAINT 

100  (NOMI 

N/A 

14  (EST) 

SEPARATION  CONNECTOR 

PHENOLIC 

N/A 

N/A 

130  (EST) 

thermal  blanket 

SHELDAHL* 

2i  (NOMI 

50 

7 

Rre  CASE  PIECE 
(END  DOME] 

IRON  TITANATE 
BOROSILICATE  ,,ATRIX 

50-75 

25  ( TOO  ) 

3 ( lo.nno  1 

innttMUtU  JU  BL  CONDUCTIVE 

table  Z.  - SPACECRAFT  MATERIALS  DISCHARGE 
TEST  RESULTS  SUMMARY 


TEST  ARTICLE 

T TYPICAL  MEASURED  PULSE^  1 

RISETIME 

(Hi) 

WIDTH 

(ns) 

amplitude 

lA) 

FEP  TEFLON 

30 

50-300 

20-230 

lONCERON/CABLE 

T 

(. 

3 

0.3-b 

LONGERON /ATAG 
CABU 

4-10 

10-20 

O.S-2  (BRAID) 

N/A 

N/A 

(0.08-0,  8)’’  (WIRE! 

mag  CABLE 

N/A 

N/A 

0.5-5”  tBRAID) 

N/A 

N/A 

(IV)”  (WIRE) 

BREWSTER  PLATE 

1.5-10 

4-20 

0.1-3 

PLUME  SHIELD 

10-40 

30-300 

0,05-0.3 

HIGH  GAIN  ANTENNA 

2-10 

8-20 

0. 1-0.4 

2-8 

8-80 

0.1-8 

10-20 

15-30 

0.2-18 

THERIWAL  BLANKET 

N/A 

N/A 

2-3” 

1 RTG  CASE  PIECE 

N/A 

N/A 

0. 15-100” 

1 RTG  CASE  END  DOME 

dm.,  rr  

N/A 

N/A 

0.2-5. 5” 

*0EpMt^'^'^^'’**  ^^PECIALLY  AMPLITUDE  ARE  ENERGY 
’’atypical  OSCILLA^'*  ' SIGNALS,  NO  PULSE-LIKE  SIGNALS 
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CHARACTERIZATION  OF  ELECTRICAL  DISCHARGES 
ON  TEFLON  DIELECTRICS  USED  AS  SPACECRAFT 
THERMAL  CONTROL  SURFACES* 

E.  .1.  YndlowQky,  R.  C.  Hazelton  and  R.  J.  Churchill 
Colorado  State  Univerattyt 


SUMMARY 


The  dual  effects  of  system  degradation  and  reduced  life  of  synchronous- 
orbit  satellites  as  a result  of  differential  spacecraft  charging  underscore 
the  need  for  a clearer  understanding  of  the  prevailing  electrical  discharge 
phenomena. 

In  a laboratory  simulation,  measurements  are  made  of  electri'al  dis- 
charge current,  surface  voltage,  emitted  particle  fluxes,  and  photo— emission 
associated  with  discharge  events  on  electron  beam  Irradiated  silver-backed 
Teflon  samples.  Sample  surface  damage  has  been  examined  with  optical  and 
electron  beam  microscopes.  The  results  are  suggestive  of  a model  in  which 
the  e»itlre  sample  surface  Is  discharged  by  lateral  sub— surface  currents  flow- 
ing from  a charge  deposition  layer  through  a localized  discharge  channel  to 
the  back  surface  of  the  sample.  The  associated  return  current  pulse  appears 
to  have  a duration  which  may  be  a signature  by  which  different  discharge 
processes  may  be  characterized. 


INTRODUCTION 


In  situ  measurements  on  synchronous-orbit  satellites  during  magnetic 
substorm  activity  have  inclcated  that  the  associated  electrical  discharges 
result  from  differential  chTging  of  satellite  surfaces  by  fluxes  of  high 
energy  electrons  20  KeV) . The  task  of  ameliorating  the  effect  of  space- 
craft charging  on  satellite  performance  requires  a clear  understanding  of  the 
charging  and  discharging  phenomena.  In  particular,  the  system  parameters 
which  deuermine  the  electrical  breakdown  threshold,  the  particles  emitted 
and  electrical  currents  associated  with  the  breakdown  must  be  understood. 

This  information  would  facll^^ate  the  development  of  techniques  to  alleviate 
electrical  stresses  on  satellite  components  and  of  models  to  predict  locations 
on  the  satellite  of  mirimum  electromagnetic  interference  where  sensitive 
ijistrutpi  ntation  could  be  located. 


^Sponsored  by  NASA  GRANT  NSG-3145 
(The  authors  are  now  at  Kollmorgen  Corporation, 
501  First  Street,  Radford,  Virginia 
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research  program  desctlbed  her6  deals  with  the  characteristics  of 
breakdown  events  on  ollver-backed  Teflon  samples  irradiated  by  a monoertergetic 
fr^  conditions  where  the  sample  edges  have  been  shielded 

bre^dom  the  electron  beam.  The  dependence  of  the  minimum 

T'lradd^?^^^?  ® thickness  and  Irradiation  history  was  determined. 

Tne  additional  evaluation  included  the  dependence  on  sample  area  and  break- 
doTO  voltage  of  the  transient  Currents  associated  with  the  discharges,  the 
J distribution  of  the  particles  emitted,  and  the  temporal 
^^4  emitted  light.  Surface  damage  resulting  from  discharge 
events  was  studied  using  optical  and  scanning  electron  beam  microscopes. 

nrevAiI«f  puncture  breakdowns  through  the  sample  are 

prevait-nt.  that  the  sample  Is  discharged  by  lateral  surface  currents  which 
flow  beneath  the  sample  surface,  and  that  plasma  effects  are  important  in  the 
scharge  process.  Further,  the  discharges  are  observed  to  fit  two  distinct 

filrV  facing  r^nvenien^ 

distinguishing  characteristic. 


P^pet , the  experimental  system  is  discussed 
and  fir ».  followed  by  a presentation  of  the  experimental  technique 

and  the  measurements  obtained.  A-discussiou  of  results  and  a conclusion 
section  complete  the  paper. 


EXPERIMENTAL  SYSTEM 


charging  phenomenon  is  simulated  in  a vacuum  chamber  by 
® dielectric  target  with  a high-energy  electron  beam.  It  is 
convenient  to  dis-cuss  the  total  System  relative  to  the  schematic  diagram 
Shown  in  figure  1. 

simulation  chamber  consists  of  a 30  cm  diameter  cyxindrlcal  glass 
tube  about  1 meter  in  length.  Four  cylindrical  ports  15  cm  in  diameter 
located  at  the  central  section  of  the  tube  provide  outlets  for  vacuum  ports, 
introduction  of  electrical  and  photographic  measurement  systems  and  the  In- 
stallation  of  target  assemblies.  The  electron  beam  gun  is  located  at  one  end 
of  the  30  cm  diameter  cylinder  and  generates  an  axial  electron  beam  to  the 
centrally  located  target  area.  Base  pressures  of  10“7  xorr  are  possible  using 
a 10  cm  diameter  oil  diffusion  pump  system.  ^ 

. j To  simulate  the  spacecraft  charging,  the  dielectric  targets  are  bom- 
barded  with  a mono-eiiergetic  divergent  electron  beam  having  an  acceleration 

® density  at  the  target  location 

of  the  electron  beam  over  the  target  area  is  about 
25/.  for  a 10  cm  diameter  target  located  50  cm  from  the  electron  beam  gun. 

The  silver-backed  dielectrics  used  in  the  irradiation  process  are 
mounted  on  various  target  assemblies  at  the  center  of  the  four-port  region 
of  the  simulatlru  chamber  so  as  to  have  the  dielectric  front  surface  of  the 
target  at  an  angle  of  50  to  the  axis  of  the  electron  beam.  The  sample  is 
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silver-backed  Teflon  sample  through  conduct Ift”^  electrical  contact  to  the 
holder  Is  placed  within,  but  electrically  ihaSlaterf  sample 

containing  an  aperture  through  Which  the  samniA  < * grouilded  OhclOsure 

this  arrangemebt.  tha  sattplXgea  Jr^not  <>« 

beam  thus  facilitating  br^kdowft  studied  electron 

aperture  opening  can  be  varienrorf  5 c2  to  2 T**® 

opening  of  an  adjustable  iris  moun?»a  „ controlling  the 

linkage  is  brought  through  the  vacuum  wall  to^facilirr^^fH'^®' 

chatge  properties  which  deoend  nn  c facilitate  the  study  of  dls- 

surface  of  the  seapi.  fs  ‘wrf^  In™  r?  The  front 

P Visible  for  inspection  and  photographic  measurements. 

by  irradlatlag  the  sampirto^nLrirsteadrstatr^*^^^  determined 

larger  accelerating  beam  voltages  until.. i disch!rgro«irs!  successively 

Surl«g"i%5L“«:re:e"«';s  i«s„ferhv':  ^''e  “-Ole 

on  the  load  connecting  the  ellver  heckLg  to  gr”"oJ  ^«otuI?" 

graphs  »f^thrself-lMnourelec«l^fl’dr°h'’'™^'“  ttne-iotegrated  photo- 
photographa  of  the  dlsch«ge  aJoL  flf  ? “ taken • The  redultant 

site  of  the  discharge  arr'orrelat^J  2frJ  ^ “>*  «"«el 

of  material  damage.  scanning  electron  microscope  studies 


retarding  potentlal*^analyzer(RPA^  both”of*  ® biased  Faraday  cup  and  a 

The  Faraday  cup  consists  of  a illustrated  in  figure  2. 

collect  either  posUive  of neaSJve  nfrM 

2.5  cm.  the  output  current  of  the  eoiio  J;^®®  ^**"d8h  a grid  aperture  of 

50  ohm  load  and  the  resultinc  volt-Aoo  ^ shunted  to  ground  through  a 

oscilloscope.  resulting  voltage  measured  with  a Tektronix  556 


pattlcUs  coJslff off pf Self colllctofnla^  the  measurement  of  emitted 
blasable  grids  enclosed  in  a eroundoH  eh-i  ia  u^^d*”**  I’^^cpcadently 
cm.  For  ?he  -asureLS  of  pSuJ^:  Sf  «Perture  of  1.2 

to  capture  the  positive  oartlrlfia  collector  is  biased  at  -9  V 

suppressor  grid!  is  bILTIt  -800  f S TrlteTZf.  f the 

portlcloo.  The  ar^erW  tL  blLod  «■  Poultlvn 

energy  for  the  Intoning  pnrtlcur  ‘ tteoshold 

energy  spootrun  of  the  locomlng  i;ns  L bo  menouroS!"  ““ 

used  .Uh  t!;e'^LaL^cup?'"^™^L?^”'^"^^ 

derived  and  particle  transit  time.  ..a  . resolved  particle  flux  le  thereby 

hwrtrrrr^es::e“irirg“*“rd"H“^^ 

ly.  in  all  cases  the  snpllrudes  of  ?L%;cfL«J^%r“^1e*?“,es‘“re  3Xer 
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by  in'  Iclplylng  the  measured  signal  by  the  weiehtlna  i o •. 

for  grid  attenuation.  The  distribution  nf  n.Sl 5 i ‘ 5 ^ account 

the  measured  dependence  of  colle.  tD^^^utrLf  energies  la  obtained  from 

graphical  dl«Jai;?™Uoa.  ™ retarding  grid  voltage  by 


ad  aa  shovi  Jn^Jgi"  T mlS^irL’^Sued'^rJSi 

witr^h^ba  f«a  from  deteJJor  l“erf«ajca^“°" 

laontal  pla*;  9.5V?;ort£raa*^pU*nCJf'ce"’‘'?brm  f. 

“ - Pivor:oL'\is  rj'Jbf  :^ie 


center  ' — owme  /u  aoouc  cn 

^4  entrance  aperture  of  the  RPA  subtends  an  anp»  of  3 
respect  to  a point  on  the  target  surface.  g - ot  j 


with 


vide  a^SJdinrfJItrfrf  "f  analyzer  (HERFA)  was  designed  to  pro- 

frort  thi  f ® potential  of  up  to  11  kV.  The  HERPA  is  positioned  9 2 cm 

?a^:bri:e“^jf:rto“?bS:: :?  ™-  -™«’a?o- d. 

breabd^^^1“ 

Of  tb.  va“  r^biJIn'dTJJ^tl ^^d^tl^J  r:lg;r“^" 


EXPERIMENTAL  RESULTS 


rHodvk  provide  a coherent  and  consistent  picture  of  the  electrlni 

l&a™  volL1c‘“:l:enaJ  »«'  »-»"  «^a 

and  photo-cmlnslon  from'tlle^a^Ji: 


Breakdown  Voltage 


aamplea  of  sS!Ta:^^nTa''2'raL"r»??;’' 

Ivlilable^^^he  potLtlal'was  it- 

r ‘t”a"  £r?^ 

JoUnL^  carrolatlon  between  thlcknenn  ^rbreakl^ 

ffiB  history  of  the  breakdown  occurring  on  a single  75  y sample 

(fig.  5)  demonstrates  a wide  variation  in  the  breakdown  voltage  Forthe 

irw'nnL®2rbJenkSZ.''’%J"J“’‘  '’"‘■M"™  ’'”lt»8a  la  26  kv'decreaaing  to 
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Material  Damage 


Material  damage  on  the  irradiated  dielectric  surface  following  an 
electrical  discharge  has  been  studied  using  an  optical  microscope  and  a 
scantling  electron  beam  microscope  (SEM) • The  optical  microscope  reveals  in- 
formation about  sub-surface  damage  as  well  as  surface  damage  whereas  the  SEM 
is  used  for  high  resolution  surface  studies.  The  photographs  in  figure  6 
reveal  a hole  through  the  dielectric  material  to  the  grounded  silver  Hacking 
resulting  from  the  discharge  current  flow.  In  addition,  this  microscopic 
i.nvestlgation  reveals  the  existence  of  filamentary  surface  tracks  which 
terminate  at  the  holes  as  in  figures  6a  and  6b.  These  material  damage  tracks 
are  similar  in  form  and  appearance  to  luminous  Lichtenberg  streamers  observed 
on  the  surface  during  the  discharge,  although  no  direct  comparison  has  been 
made.  The  tracks  in  the  Teflon  appear  to  be  the  results  of  currents  which 
flow  through  the  Teflon  parallel  to  the  surface  during  the  discharge  of  the 
sample.  Ionization  and  recombination  in  the  current  channels  are  accompanied 
by  light  emission  which  gives  rise  to  the  luminous  Lichtenberg  patterns.  The 
process  of  discharging  the  sample  by  currents  flowing  underneath  the  sample 
surface  is  consistent  with  puncture  sites  Where  filamentary  rAaterial  damage 
has  occurred  a-  in  figures  6a  and  6b.  In  figure  6c,  a current  filament  is 
seen  to  surface  a number  of  times  before  reaching  the  main  discharge  channel. 

The  microphotographs  of  the  discharge  sites  dramatically  demon- 
strate the  material  damage  resulting  from  the  discharges  on  the  sample.  It 
is  evident  that  the  energy  in  the  current  channel  is  sufficient  to  rupture 
the  channel  as  in  figure  6b  and  to  eject  molten  Teflon  from  the  puncture  site. 
In  addition,  there  is  appreciable  silver  loss  from  the  grounded  silver  backing 
as  seen  in  figure  6d  as  well  as  extensive  melting  and  ejection  of  material 
from  the  discharge  sices. 


Return  Current 


Return  currents  to  the  sample  were  measured  during  a discharge  with 
a Tektronix  CT-1  current  probe  and  a Tektronix  oscilloscope.  Since  the  probe 
was  Installed  outside  of  the  vacuum  system,  a thlelded  cable  leading  from  the 
sample  to  thi  probe  was  terminated  in  its  characteristic  impedance  (50  ohms) 
so  as  to  minimize  reflections. 

From  numerous  observations  of  the  return  current  associated  with 
a breakdown,  two  distinct  categories  of  pulses  have  been  identified.  The 
first  Is  characterized  by  a long  duration  pulse  of  200  to  400  ns,  while  the 
second  is  represented  by  a short  pulse  of  20  ns  duration.  These  two  time 
scales  appear  to  relate  to  different  discharge  processes  and  are  discussed  in 
the  next  section* 

In  addition,  the  total  charge  In  the  return  current  pulses  was 
determined  by  integrating  the  recorded  current  traces.  Figure  7 illustrates 
the  relationship  between  this  charge  and  the  Irradiated  area  of  the  sample 
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surface.  Although  there  are  large  ahot-to-shOt  varlbtlona  In  total  cbarpc 

relationship  exists  implying  that  the  entire  sample  surface 
is  discharged  during  a given  event. 


Particle  Emission 


Using  the  particle  collecting  probes  (Faraday  cup,  RPA,  IICRPA), 
the  charge,  energy,  and  angular  distribution  of  the  particles  emitted  during 
determined.  Figure  8 Shows  two  traces  from  the  Faraday  cup 
with  the  bias  first  set  to  collect  negative  particles  (8a)  and  then  to  col- 
lect positive  particles  (8b).  The  time  history  of  negative  particles  includes 
early  electron  spike  followed  by  a longer  electron  pulse.  The  eady  pulse 
is  present  in  all  breakdowns  While  the  later  pulse  is  intermittent. 

The  maximum  retarding  potential  (3  kV)  of  the  RPA  was  not  suf- 
ficlent  to  reduce  Significantly  the  amplitude  of  the  early  spike.  Therefore. 
fi  energy  retarding  potential  analyser  (HERPA)  was  designed  and  tested  to 
11  kV.  Using  this  probe  the  energy  of  the  electrons  in  the  early  spike  was 
found  to  be  in  the  range  of  5-7  keV. 


fcu  t.  , j later  pulse  of  electrons  exhibited  energies  less  than  the 
threshold  sensitivity  of  the  RPA  (*leV).  Coincident  with  the  late  electron 
pulse  is  a pulse  of  positive  particles  as  shown  in  figure  8b.  Using  the  RPA, 

measured  as  a function  of  the  retarding  potential  as 
sho^  in  figure  9.  From  figure  9 the  energy  of  the  positive  particles  is 
estliMted  to  be  70  eV.  The  total  number  of  electrons  and  positive  particles 
is  of  the  same  magnitude.  The  coincidence  of  arrival  times,  the  equality  of 
particle  number  and  the  relative  energies  of  the  positive  and  negative 
particles  all  imply  that  the  late  pulse  leaving  the  sample  constitutes  a 

pi  ilSOicl  • 


10  shows  the  total  number  of  early  electrons  as  a function 
of  the  irradiated  area  of  the  sample.  As  with  the  return  current,  the  number 
of  emitted  particles  is  linearly  related  to  the  area  of  the  sample. 


Light  Emission 


function  electrical  discharge  was  measured  in  con- 

that  the  e"•itted^^gh^i8na^1oui^;loX^^^ 
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DISCUSSION  OF  RESULTS 


Picture  *"**“  "»®^®‘*rement8  presented  provides  a physical 

snmple^edgosron'^Mmplo  thlcknear"  ’'oltog®  on  the  ahlelaing  of  the 

on  the  na^le  “oSn  l^nlgM  w„  Pfeolone  history  of  discharges 

the  breakdCsn  ioUagC?  ® moterlal  characteristics  .hleh  goCem 

32  kV  Sc  f C”T(rClTL™lC’\"'”‘r"  ''■>«  15  « to 

down  threshold  on™  LCfCCe  f "“""I' 

nated.  The  slope  of  Cte  CCrCjCCC  ?.  ? ?!  “I?’’  ““■'I'  are  eliml- 

for  the  bulk  material  of  2.6x1Q6  V/erCb^S  kV/mll)  whfh®/  breakdown  strength 
vith  the  manufacturers'  value  of  1.8x10^  V/^m^ f iei  In  good  agreement 

Preexisting  defects  are  exDeri-ori  d /cm  (ref,  1)  for  a 75  p sample. 

Ideal  valul  ThU  carbrSen  Jn  >»-eakdo«n  voltage  from  the 

discharges  Is  decreasJnrortSe  a."!™ 

material  properties  to  Lr.»-a.noas  fu  u®  , discharges  can  also  alter  the 
monotonlc  ^ar^tion.  breakdown  voltage  as  seen  by  the  non- 


form to  fchrLmlnourLlchteX^g^pattern^  surface  cracks  are  similar  in 

observation  of  others  (Crutcher^  nr^vx.^  agreement  with  the 

elertrois  fJora‘’grounr^o''thrs^xr^®K^  represent  a unidirectional  flow  of 
the  observation  of  Berkopec  rt  sample,  in  agreement  with 

pulses  could  be  classiflL  as  short  (~‘2oM  ‘'I*®  current 

with  a few  scattered  values  of  9^20  nf  ?h^ 

Short  pulses  to  be  associated  with  pLJ  Oalues  n H ^ 

long  pulses  to  be  assoclatod  uin.  i«  slues  in  the  breakdown  voltage  and 

voltage.  The  total  charce  In  rh  creasing  or  minimum  values  in  threshold 

for  rhe  lonr  '■fhr  h„rjx^  "A?f!:rh“fh‘"' 

in  the  data,  the  relatlvf.lv  Tf  VJ  PUisc.  Although  there  Is  scatter 

flow  for  long  pulses  In  figure  7 InHr  i'^  maximum  values  of  charge 

irradiated  if  Ll^rdiLliafLcd  Ltf  !,  sAniple  surface 

communication)  has  observed^both  partial  and’^fotardiril*"*’  (Pfl™!:® 

:?‘fi\rt:“ufrt"5u{:™Trr,L^:t-" 

method  for  dlstlugulshlng  between  dirf:re.u"dUchafgrjheu:;;=L™"''"‘'”^ 
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emission  of  psrtltles  front  the  surface  tfie  studied  to  determine  the 
origin  of  the  return  current  pulse.  The  litltlal  burst  of  hlgl.  energy  electrons 
accounts  for  the  polarity  of  the  returii  current  pulie.  The  energy  of  the 

mI!  duMtlon  of  the  pulse.  Since  the 

ir  (20  nd)  is  much  less  than  the  duration  of 

JJf  ^®**«‘**/*  5**®  eftergy  electron  emission  appears  to  be 

representative  of  the  Sample  discharge  time. 


Both  the  Short  and  the  long  duration  emissions  of  high  energy  electrons 
''****  ®**®  e®^f®8po»ilng  return  current  pulse.  The  two- 
fold  difference  Irt  duration  for  the  particle  emission  IS  a factor  of  lO  less 
than  the  difference  In  the  return  current  case.  The  results  tend  to  Support 
the  observations  of  tHanevicz  and  Adamo  (ref.  3)  and  Gross  et  al.(tet.  4)  that 
electrons  are  emitted  during  a discharge. 

the  later  pulse  consisting  of  positive  Ions  and  electrons  was  observed 
only  when  the  return  current  pulse  was  short.  The  magnitude  and  duration  of 
the  positive  and  negative  particle  signals  Indicate  that  the  particles  are 
emitted  as  a near  neutral  plasma.  An  Insight  into  th-  nature  of  the  pulse  is 
obtained  from  a consideration  of  the  particle  energies.  The  results  shown  In 
figure  9 indicate  that  the  Idtis  ate  emitted  With  a minimum  energy  of  30  eV. 
Another  estimate  of  the  partlcls  energies  can  be  obtained  by  determining  the 
time  of  arrival  of  the  partlclee  at  the  collector  from  the  temporal  evolution 
of  the  collector  signal.  Prom  the  transit  time  end  known  sample-to-detector 
distance  the  velocity*  and  hence*  kinetic  energy  can  be  determined.  The  re* 
suits  again  show  that  all  ths  particle  energies  Smceed  a minimum  value.  By 
equating  the  minimum  energies,  an  estimate  of  the  positive  Ion  mass  can  be 
found  If  the  Ion  le  assumed  to  be  singly  Ionised.  The  value  of  13.3  amu  so 
obtained  is  sufficiently  close  to  the  atomic  weight  of  carbon  12  to  encourage 
a tentative  Identification  of  the  later  positive  Ion  peaks  as  due  to  singly 
Ionized  carbon*  although  the  data  la  not  sufficiently  definitive  to  rule  out 
fluorine. 


An  estimate  of  the  currents  flowing  on  the  sample  surface  can  be  obtain- 
ed by  dividing  the  total  charge  of  the  75  U thick  sample  charged  to  24  kV  by 
the  time  given  by  the  duration  of  the  high  energy  electron  burst-  This  value 
(300  A)  can  account  for  the  vaporization  and  Ionization  required  to  produce  a 
plasma.  The  presence  Of  the  plasma  pulse  In  turn  accounts  for  the  light 
emission  during  the  dlsch.  ' as  well  as  the  sub-surface  cracks  and  fissures 
On  the  sample. 


CONCLUSION 


The  somewhat  random  variation  In  the  measured  peraniaters  In  this  study 
indicates  the  complex  and  changing  nature  of  the  electrical  discharges.  There- 
fore, the  need  to  develop  a realistic  mbdel  becomes  readily  evident. 

The  experlmente  Indicate  that  puncture  dlsehargea  occur  when  the  Teflon 
sample  edges  are  shielded  from  direct  Irradiation  by  the  electron  beam.  Under 
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these  conditions  the  sutCace  voltaef>  nr 

the  electric  field  strength  within  the  sample  increases  until 

ex«ads  the  dlelectrle  eJJLgtS  o?  tSo 

down  through  the  sample  with  the  f?  ^ initiating  a break- 

current.  flowJn^  ?:^ee^^'’:n^^,”  he  dlecherg^d  hy  Lteral 

and  cracks  results  front  these  currents  Cortelatt"*^®^r*?4^**®  fissures 

return  current  measurements  Indlcateo  ni  of  light  emission  and 

initial  stages  of  the  “sskdiCS  p?'ce  ' X 0^“°?  ““'•‘"S  the 

necessary  conducting  paths  for  dlacharainn’^Jh«’^*°°"f  ■"■“''I"'®®  the 

energy  electrons  accounts  for  the  pola?lt5  of  '•‘Sh 

a measure  of  the  sample  discharge  uL.  current  end  provides 

Which  the  rstom  current  pelsc 

discharge  processes.  When  a lone  durJi  ‘^^®*'^”8ulsh  between  two  different 
the  following  discharge  clIaracte?is?Ls  ^/"?r’^”  observed. 

Sion  consists  of  a relatively  long  burst  of  hloS  particle  amis - 

total  charge  in  the  return  current  nulaa  electrons,  b)  the 

area  of  the  sample,  and  c)  the  irradiated 

long-duration  pulse.  For  a shorr  H ®“i®®i°"  Indicates  a low-amplitude, 
discharge  chare^terletS  are  r^ed 

relatively  short  burst  of  hieh  enerev  aIo  J P®*^^icle  emission  consists  of  a 
neutral  pulse  consisting  of  posltlve^loi!^*^*^S"®/°^^®”®‘^  ® 

in  the  return  current  pulse  is  Indenonri  s-^^c  ®^®^^*"°**®*  h)  tlie  total  charge 
d)  dhe  Ughr  emlsslo„'’;‘“  UrgllS^^J^Selh^r^r^J?"^ 

the  return  currLt  pulse!  a'^TCMlngful°°nntltr°ti^"®  f°  ““  duration  of 
Characteristics  emerges.  CorrelaJlfn  nf  ! . *'*'®  discharge 

generates  signatures  useful  in  the  denn  mental  parameters  thereby 

processes.  . "*’®  ‘^®iineatlon  of  the  various  discharge 
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BREAKDOWN  VOLTAGE  (kV) 


(RELATIVE  ORIENTAT  Oii  nr  n.r.  SYSTEM 

electron  beam  ANO^CMAPf^^ci^f  SAMPLE, 

detectors  ) " CHARGED  PARTICLE 


figure  4 I^ECTRICAL^M^  OP  SILVER-BACKED 
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SCALING  LAWS  AND  EDGE  EFFECTS  FOR  POLYMRR  SURFACE  DISCHARGES* 

Keith  G.  Raljnatn 
Uhlversity  of  Terotito 


SUMMARY 


Specimens  of  Mylar  sheet  were  exposed  to  a 20  kV  electron  beam.  The  re- 

rioJrf  photographed  and  the  discharge  current  into 

a metal  backing  plate  measured  as  a function  of  time.  The  area  of  the  Mylar 
sheet  was  defined  by  a round  aperture  in  a close-fitting  metal  mask,  and  the 
current  pulse  characteristics  were  plotted  against  area  on  log-log  paper.  The 
plots  appear  as  straight  lines  (due  to  power-law  behavior)  with  slopes  of  0.50 
for  the  peak  current.  1.00  for  the  charge  released*  1.49  for  the  energy  and 
0.55  for  the  pulse  duration.  In  addition,  evidence  Is  presented  for  the  occur- 
rence of  banded  charge  distributions  near  grounded  edges,  on  both  Teflon  and 
Mylar • 


INTRODUCTION 


Numerous  extensive  laboratory  simulatloh  studies  on  spacecraft  dielectric 
charging  and  arc  discharging  have  been  reported  in  references  1.  2 and  3.  Many 
such  laboratory  experiments  involved  dielectric  areas  much  smaller  than  the 
exposed  dielectric  areas  exlstldg  on  operational  synchronous-orbit  satellites 
and  so  the  question  of  area  scaling  of  charge /discharge  phenomena  arises  natur- 
ally. Certainly  it  is  easier  end  fester  to  carry  out  small-scale  experiments 
compared  to  large-scale  experiments  in  vacuum  chambers  large  enough  to  hold 
spacecraft  components  or  even  an  entire  spacecraft. 


Experimental  results  reported  in  reference  4 Showed  that*  for  surface 
macrodischarges  on  metal-backed  polymet  dielectrics*  the  peak  discharge  current 

BurUc^  area  raised  to  a power  «p"  lying  between  0.5 
and  0.8,  for  the  range  of  areas  lying  between  0.2  cm^  aitd  20  cm^.  The  most 
consistent  results  were  for  Teflon  with  a value  p - 0.575,  giving  a peak- 
current  power  law  which  extrapolated  downward  in  area  into  close  proximity 
with  microdischarge  measurements  in  the  range  of  areas  from  10“5  cm^  to  lO'^cm^. 


The  above  extrapolation  would  have  produced  a better  fit  if  the  value  of 
P had  been  slightly  lower.  This  observation  raises  the  question  of  area  def- 
inition, because  in  the  macrodischarge  case  the  charged  area  was  defined  by 


* 

Research  supported  by  the  Natural  Sciences  and  Engineering  Research  Council 
of  Canada  under  Grant  No.  A-4140.  The  measurements  reported  here  were 
carried  out  primarily  by  G.R.  Dubois. 
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was  “icrodischarse  case  the  charged  area 

ZL/ft  ‘^'^os^-sectional  area  of  the  inclderit  electron  beam  la  de" 

^ scattnlng-electron-mlcroacope  examlftatlon  of  deposited  charge  pat- 

cuttiM^o^^^^do^^  definition  which  is  precise  and  which  does  not  Involve 
cutting  or  edge  exposure  is  to  cover  the  specltOen  with  a cloee-flttlnB  metal 

?fiw  tZ  various  apertures  in  order  to  establish  experlmL- 

tally  the  area  scaling  laws.  This  paper  describee  such  a masking  technique  and 

Mylar  spectaens!^  results  of  discharge  Characteristics  obtained  using  m^ked 

wnnd t ®°®®  ‘yP®®  ®‘*6®  effects,  it  is  reasonable  to 

M °“®  ‘yP®  masked-dielectric  edge  effect  was 

noted  by  M.  Cuchanskl  and  first  reported  in  reference  5.  It  involved  exposure 
u”  electron  beam  of  a polymer  sheet  covered  by  a vacuum-deposlfed-aluminum 
mask  with  a circular  aperture.  This  was  followed  first  by  exposure  to  air  to 
neutralize  surface  charge  and  then  by  examination  in  a scanning  electron  micro- 
menrof  vOltage  to  look  for  embedded  charge  made  visible  by  its  enhance- 
*-1,*^*^  1 Charged  annular  rings  were  observed,  suggesting 

tended  (ref.  6)  and  some  of  these  latter  results  are  included  here. 


experimental  arrangement 


The- masked  specimen  and  l';s  backing  plate  are  shown  in  figure  1 and  are 
mounted  on  (and  Isolated  from)  a removable  section  of  the  vacuum  chamber  wall 
A vacuum-sealed  bUKhead  receptacle  carries  the  discharge  pulse  signal  throu^ 

K 4.  incident  electron  beam  Is  deflected  magnetically  in  order  to  permit 
photography  of  the  surface  arc  discharge.  The  Resultant  current  densltHt  the 

perso;„.rh» 

A different  Mylar  specimen  cut  from  the  same  sheet  was  used  for  each 
masked  area  to  produce  the  results  presented  graphically  in  this  paper. 


DISCHARGE  MEASUREMENTS 


A typical  photograph  of  a surface  arc  on  Mylar  is  shown  in  figure  2.  The 
arc  concentration  at  several  points  around  the  mask  edge  is  evident  and  is 
common  to  all  arcs  photographed.  Also  visible  in  most  photographs  (although 
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mu  strongly  evident  in  this  case)  Is  the  alignment  of  many  of  the  interior 
aich  along  a preferred  direction  dependent  on  specimen  orientation. 

Typical  discharge  current  pulses  are  shown  in  figure  3.  For  smaller  areas 
the  pulses  were  more  sharply  peaked,  and  for  the  smallest  aroms  tested  the 
pu  SOS  were ‘much  shorten  with  some  overshoot  and  ringing  noticeable, 

in  Pt‘ak  current  with  specimen  area  Is  shown  In  ficure  4 

in  which  e.ich  point  is  the  average  from  approximately  ten  pulses.  The  str  ilcht 
line  drawn  through  the  points  has  a slope  of  0.50  indicating  that  the  peak 
current  is  proportional  to  the  area  raised  to  the  power  0.50.  It  is  worth 
noting  that  this  line  extrapolates  to  I„  = 1000  A at  an  are.i'of  1 m'^. 

The  charge  Q passing  through  the  measurement  system  is  given  by 

Q = I I dt 

?!!e  ^I;!^  f”  was  carried  out  manually  from  oscilloscope  photographs. 

The  resulting  graph  of  charge  against  area  is  shown  in  figure  5,  in  which  each 
point  is  the  average  fcr>m  approximately  five  pulses.  The  straight-line  aperox- 

“-‘O'-'  u «ood  “o^'Tr 


» 


The  energy  dissipated  in  the  load  resistor  R is  given  by 

E « R f l2  dt 

Ihe  resulting  graph  of  energy  against  area  is  shown  in  figure  6,  In  which  each 
average  from  approximately  five  pulses.  The  straight-line  approx- 
Jmation  has  a slope  of  1.49.  It  should  be  noted  that  the  highest  energies  irc 
of  the  order  of  a few  mlllljoules.  indicating  that  unsuitable  load  resistor's 
pulses!""''^'’’'^^  attached  to  the  system  could  be  burned  out  by  the  discharge 

The  pulse  duration  was  calculated  from  the  relation 

■ i 1' 

The  resulting  graph  of  duration  against  area  is  shown  In  figure  7.  The  points 

'I*  "“-or  graph.,  with  the  result  th^t  the  " 

heel  could  almost  as  well  have 

‘^rom  iPo  anywhere  in  the  range  from  0.50  to  0.58.  Departure 

thus  f « approximation  Is  most  noticeable  for  small  areas  and 

\nTiT\.tT  departure  taking  the  form  of  lowered  nmplUudes 

and  extended  pulse  durations,  accompanied  by  small -amplitude  ringing  for  the 
smallest  areas.  The  probabiv*  primary  cause  of  this  effect  Is  the  400  Mil?, 
bandwidth  ot  the  oscilloscope,  „ith  a secondary  cause  being  the  overall  dlmen- 

unT^  ^ ^ back-plate  and  distance  to  the  load,  all  adding 

up  to  about  a wavelength  at  iOOO  MHz. 

« n„.  depth  for  20  kV  electrons  in  Mylar  is  estimated  to  be 

t most  of  the  embedded  charge  resides  near  this 

depth.  11  discharge  arc  propagation  and  subsequent  damage  arc  concent rate.l 
near  the  penetration  depth  as  in  the  high-energy  experiments  of  Cros^r  e^  7) 
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tafa  xrs5  s“sed  z * r ^ 

gold  and  viewed  in  a scanning  electron  coated  with  vacuum-deposltod 

In  llgnre  8.  The  JaTge  Lpt«n;»n  L 

nnlted  fto.  the  bloBoff  of  mLeriH  lirJnf  ■■’">'  P--oeu«,bly  re- 

Stooee  at  Che  bottom  of  the  depjeeal™  ™ ^1- 

dlaappear  Into  holea  In  Che  depression  wall  ihr^  ““  seem  to 

light  photograph  of  figure  9 Indicates  that’thJ^K  corresponding  transmitted- 
lel.  forming  a network  of  damagrtracks  « t^^f  ? '“"tlnne  Into  the  motor- 
a depth  of  about  8 am.  ® tunnels  of  about  2 um  diameter  at 


similar  to  the  value  ™gMy‘Jot  :}a“wSj;‘°'“^  "'*•  5-»*s  is 

same  type  of  calculation  ftL  the  resu?*-^^!  ^ ^ ‘^®‘*uced  by  means  of  the 

discharges.  results  in  references  5 and  6 for  micro- 


in  t ™in»Sn1tjS^rn%fal'rjJ°f"lg“ri?  "12“^““°”  to 

eu:tr“  htr ‘;:;!e  l%^d“ry‘'  j"  -^«tn?r„Uh^:  s“1„:r20  kV 

electron  mloroeoope  (SEM)  se  -up?  ?Serjh:':'"?m"  -anting 

room  air  to  neutralize  most  of  the  surfe^^  fP®=i«en  was  exposed  briefly  to 
turned  to  the  SEM,  scanned  at  1 kV  and  itt  specimen  was  then  re- 

Phed.  Because  embedded  charge  must  ineJ^  ®®‘=^"‘‘^*'y-®lectron  image  photogtn- 
trostatic  repulsion,  the  aref orembaSdir  ^n^tssion  due  to  elec- 

region  in  the  photographs,  in  figure  10  thfe^to'^^  charge  shows  up  as  a ligliter 
annular-ring  form  of  the  charged  Lrtds  on  hSrh  ? ry®”  Photographs  shows  the 
row  a discharge  event  is  IndlLted  by  the  wmL 

caused  an  Indentation  in  the  charged ^baL  Pethar^rh’  appears  to  have 

in  the  charged  band  near  the  metallization  eda^  ?!  discharge  was  initiated 
nhnped  end  rectangnlnt  apertures  we^rt'etdlf?;,  stallt  iJol;?",?'’-’ 


interpretation 


with  the  notion  of  a dlschatge  ar^whlch^oLr^  approximately  .consistent 
If  the  discharge  originated  from  a ooint  ^ well-defined  velocity, 

the  current  would  be  proportional  to  thl  leneth^'of  uniformly,  then 

be  proportional  to  Its  maximum  length  a S?fi-  ^ wavefront,  and  !„  would 
dimensions  of  the  specimen,  a sequence  of  linear 

should  produce  the  same  result,  ^ ^ linear,  branching  discharge  paths 


replo'L^S?  ™*tnt*o"‘t'h‘rm':t:J  ZZZT 

tar  electrons  te  be  ejected  aro?  nea?  tSr»?c  t‘"  «'v  1- 

the  electrons  to  be  propelled  down  the  network  The  other  Is  f„r 

of  loltlotlon  where  the,  are  ejected,  there  gl,?„g  ?S‘to'‘?i;?'?eM,n;?«.i;;’"'' 


■# 

\*\ 
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curront  fl„.  „„„,j  be  proportional  to  tb^  :,„"r:™oTof 'Jhe  s^rr^L""”" 

rharpe.  AlthoIlgh*the^copaclt^'releL"rc^rce V*”***''^  ° '°PPP‘'“P  <“S' 

tor  plate  area  (as  in  fig  5)  its  J Proportional  to  the  capacl- 

to  tbe  plate  are,  (1„  r„«,a’;  olo°  Proportloaal 


CONCLUSIONS 


iz::.n:r:.7Zi  :::r;e"?.“:‘Lf::r:s,r" 

tlon,  and  the  respective  powers  are  0 50^*^1*00*^^1^49^*^ 

figure  of  0.:>5  for  pulse'LratLn  oroh^M „ ^ ^^^ter 

perimentai  technique.  beca^irjrirdet^iL"”;;  imptoved  ex- 

released  charge  to  p;ak  current  Fo^  sin  se  as  the  ratio  of 

departures  from  power-law  behaviour  are  pulses, 

bandwidth.  behaviour  are  believed  due  to  limited  oscilloscope 

bra„cX^^™'^lrar^b%%^“tratird:Sr 

face  material.  Probablv  these  dlscharae  occasional  blowoffs  of  sur- 

dlscharges,  because  the  appearance  of  dl-  oo"ols  are  not  re-used  by  subsequent 
from  one  arc  to  the  discharge  arcs  always  changes  markedly 

cantly\affecting^'tl'^i%alcrilng\lws^’  Cha'^.^'**^  exposed  edges  slgnlfi- 
denslty  near  an  edge,  usually  in  mnlt-ini  i,  accumulates  with  greatest 
cajto.  ot,  tb,t  tt;, 
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Aluminum  section  ol^ 
chamber  wall  j 

Nylon  screw 

(hezid  metallised) 

Nylon  spacer  (3  mni) ' 

Copper  backplate  (8x9  - 

cm) 

Mylar  specimen-  - 


Aluminum  mask 


Coaxial  bulkhead 
receptacle 


Kicure  1.  The  specimen  mounting  assembly  with  circular-aperture  aluminum 
mask.  The  specimens  used  in  the  experiments  were  Mylar 
sheets  120  pm  thick. 
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Figure  5. 


The  variation  of  released  charge  0 = ^ t a*  w t 

men  area.  ® j I dt  with  Mylar  sped 


Pulse  Duration  T (ns.) 


Figure  6.  the  Variation  of  energy  E - R | dt  with  Mvisr  specimen 

area.  The  energy  is  dlsslphted  in  a load  resistor 
R«10*  ohms . 


Figure  7.  The  variation  of  pulse  duretlon  T * | I dt  with  Mylar  sped 

men  atee.  ^m  J 
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Figure  10. 


Charge  acctimulaLion  on  masked  'I’eMon  s]>orhii(Mis  as  lowed  1>n 
se<’ondary-c Jeetrnn  Imaging  in  a scsamiing.  ehelron  miero- 
seopc  (top  right  Image  is  Mylar).  All  spt'eimens  havi’ 
hi‘i*M  (*liarg,c‘d  by  a ?0  kV  seamu’d  VH/aiu,  I hr'  apt  1 t »n  > s at  < 
In  groniuled  alnmimnn  met  a 1 I i ^lal  i eiu  il»e  \i'haia:.  givtai 
are  those  used  tor  imaging,. 
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therw,  sLAsm  MEmi,ic  nm  gsoundstrap  and  scoom  surface 
MIkROR  VULNERABaiTY  TO  ARC  DISCHARGES 

j‘  r”°v«ii’  G.  K.  Komatsu, 

TRW  Defense  and  Space  Systems  Group 


SUMMARY 


"nils  paper  discusses  tests  on  both  thoiMnni 
strap,  aad  second  surface  ntrrors? 


blanket  metallic 


film  ground- 


ManRe^l  =1 

lo  conpatlbllUy  (EMC)  purposes  foTa  Lrt?L  “r‘»”  »lsss«>mssnet- 

potential  hazards  due  to  spacecraft  u *^^*^**  recognition  of  the 

blllty  of  these  grounds traThavfweS®^^  survlva- 

duct  the  many  amperes  of  arc  discharge  currenrbums.^^*^*"^®  ”“®*^ 

to  standardize  pulferof^lOO  afperrHeak^Ld^rmr”*"  configurations 

shows  a wide  variation,  from  less  than  50  to  constant 

burnout.  Available  data  on  the  geosvLhronnnf  \f''  before 

estimate  the  number  of  arc  dlschfreS  environment  were  used  to 

electric  field  of  10®  volts/cm  was^ssLed^ breakdown  threshold 
ness  parameters  were  varied  For  a 9 m-ti  Zuf"^  dielectric  resistivity  and  thlck- 
the  estimated  number  of  arc  discharges  is  1324^”®^^  ohm-cm  resistivity 

swarm  tunnel  tests  were  undertaken  5 verlJf  thr.  ^ electron 

parameters?  Ihr^es^ts  0^%^  J 

tlve  but  do  indicate  that  tne  .ctuarp^l::f  be^re^^X" 

performed.  11,^6  testrw?re'^p«fo?m?d^o^^  second  surface  mirrors  were 

(microsheet)  windows.  Hie  results  sh-^MpH  *^°*^*'  qwartz  and  glass 

temperatures  from  20*C  to  100“C  at  10  n-/  quartz  mirrors  arced  at  all 

dous  did  not  src  at  tenJeraSLs  hl^e^tta 


INTRODUCTION 


Foalta’5%S:„“"fvS',:'-'3-'at“:  “Jo”sl"„ded‘™^‘  — «e- 

for  EMC  purposes  for  a long  time.  With  the  spacecraft  designs 

to  spacecraft  survival  duetto  spacecraft  5**®  potential  hazards 

abnUF  Of  tuese  groundsttaps  haua  locraased'n1„\'^^!5/'r«“":ye\{jL^?:: 
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requirements  were  for  radio  frequency  interference  (RFI)  shielding  purposes,  the 
groundstraps  must  now  conduct  the  many  amperes  of  arc  discharge  current  bursts. 

The  relative  durability  of  a numbet  of  different  groundstrap  configurations 
to  standardize  pulses  of  100  amperes  peak  and  1 microsecond  decay  time  constant 
shows  a wide  variation,  from  less  than  50  to  greater  than  10,000  pulses,  before 
burnout.  Available  data  on  the  geosynchronous  orbit  environment  were  used  to 
estimate  the  number  of  arc  discharges  per  year.  An  arc  breakdown  threshold 
electric  field  of  10^  volts/cm  Was  assumed,  and  dielectric  resistivity  and 
thickness  parameters  were  varied.  For  a 2 mil  thickness  and  10^®  ohm-cm  re- 
sistivity the  estimated  number  of  avc  discharges  is  1324  per  year.  A series  of 
electron  swarm  tunnel  tests  were  rndertaken  to  verify  the  validity  of  the  100 
ampere,  1 microsecond  test  pulse  parameters.  The  results  of  these  tests  ace.  not 
definitive  but  do  Indicate  that  the  actual  pulses  could  be  more  benign. 

Second  Surface  mirrors  (SSM)  constitute  a significant  portion  of  the  total 
dielectric  surface  area  of  spacecraft.  Because  Che  windows  of  SSM  are  of  good 
dielectric  materials  Such  as  fused  silica  (quartz)  or  borosillcate  glass,  charg- 
ing/discharging of  SSM  can  he  a hazard  to  Spacecraft.  The  tests  performed  on 
SSM  show  that 

• The  surface  of  a quartz  SSM  may  charge  up  as  high  as  -12,000  volts  and 
is  likely  to  break  down  and  constitute  an  EMI  hazard.  Raising  the  tem- 
perature to  100 “C  does  not  lower  the  resistivity  Sufficiently  to  prevent 
chargeup  to  breakdown  potentials. 

• If  the  SSM  has  a glass  window  arcing  Is  less  likely  to  occur.  Leakage 
through  the  relatively  low  bulk  resistivity  of  glass,  p < lO^^  ohm-cm, 
limits  the  charge  up  voltage.  If  arcing  does  occur  at  room  temperature 
due  to  edge  effects,  the  resistivity  should  become  sufficiently  low  at 
higher  temperatures  to  prevent  even  this  effect. 


ENVIRONMENTAL  MODEL  FOR  DEFINING  GROUNDSTRAP  REQUIREMENTS 


Avi  excellent  data  base  on  Che  geosynchronous  orbit  environment  has  been 
gathered  by  the  University  of  California  at  San  Diego  (UCSD)  plasma  detector 
experiments  on  ATS-5  and  ATS-6.  Many  research  oriented  papers  have  been  pub- 
lished and  a number  of  provisional  specifications  of  the  environment  have  been 
generated  from  this  data  base  (refs.  1,2, 3,4).  However,  further  work  needs 
to  be  done  in  the  area  of  data  reduction  and  analysis.  Table  1 summarizes  out 
characterization  of  the  geosynchronous  orbit  environment  for  the  purpose  of  de- 
fining requirements  on  the  durability  of  groundstraps.  The  data  available  in 
the  literature  have  been  combined  with  some  ATS-5  data  for  1970  which  had  been 
analyzed  at  TRW  on  prior  occasions. 

In  table  1,  Che  entire  year  Is  subdivided  Into  severe,  moderate,  mild,  and 
quiet  substorm  days,  with  a maximum  possible  dally  duration  of  12  hours  from 
pre-mldnlght  to  post-dawn.  A four  parameter  Maxwellian  characterization,  elec- 
tron and  Ion  temperatures  and  current  fluxes v are  given  for  each  class  of  sub- 
storm day.  The  four  parameters  are  reduced  to  two  by  assuming  charge  neutrality. 
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«l«?ctron  current  density  - 43  . 

" “>»  '«re„e 

ion  temperature  » 2 • eia^«._  ^ 

Both  assumbtio  ctron  temperature. 

"lU  a.,  c„e^;^r-  ‘"  "’'  cat.*.;,*;  ^’a  f,"? 

l^bor^r^*™rthe'^S6r“bv  <"'•  ’>  of  the  All-  f 

*“&'provla. 

bt  noTbt„"^“:^j“a'  ""r  “b 

Even  in  these  papers  further  data  collectlor«nH^*'  example 

^ntha.  a„a  . atouot  data  analyted  «'  required 

-odv  available.  .o„ia  bj  ““i^Jd^a'^a*  etJlcSia^?  “^alar  at 

^ COH.„a„o»  op  „S  pxPpoxpo  op  ,,o  OISCHAAOPS  PP,  vpdP 

b""^  “«o*  fbe 

..- ...  ..-.st:" ;:  r.s“;r  •• 


J - J - 

e se 


where 


'^1  '^se  ■■  *^R  “ 


h# 

se 


Electron  current  density 

^oondatP  and  bacPacattered  current  denal.y 
Ion  curr^n«> 


" ^O"  current  density 


si 


S-ndary  and  bacbucattered  current  denaliy 
Reels  tivd. 


''«  ■ *'bkage  current  density 

- o,  tbe\„r;!:r: 

dcTcndenc'^or^o^^^aerrSr''^  Parameters?^ 
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t o 


dj 

oe 


[“• 


-V/T 


1+Sj 


pdJ 


oe 


] 


-1 


dV 


where 


*^oe  " E^^ctron  current  density  when  V = 0 
T » Electron  temperature  (actually  T/e) 

Sg  <=  Secondary  emission  factor  for  electrons 
“ Secondary  emission  factor  for  ions— 
d = Dielectric  thickness 


“ Relative  dielectric  constant 
P * Dielectric  resistivity 

voltage  with  time  computed  from  the  above  equation 
for  a 3 mil  dielectric  thickness.  A non-linear  resistivity  of  the  form 


P 


p g“V/l,922,  (V  in  kilovolts) 


has  been  assumed  for  several  values  of  p Table  2 shows  the  number  of  arcs  oer 
Ln^al°E^^  the  basis  of  the  environment  summarized  in  table  1.  Experl-^ 
was  re-evaluated°and*I*h^*^  resistivity  measured  by  Hof  f mas  ter  and  Sellen  (ref.  7) 
orLlL^rih!  ^ ^o  ohm-cn  was  found  to  best  ap- 

couS^Jaf  8)  se?ondary  emission  effects  were  taken  Int^  ac- 

In  ref.  8 * details  of  the  computations  for  table  2 are  also  given 


THERMAL  BLANKET  CONFIGURATIONS  AND  ARCING  MODES 


the  potential  problems  due  to  spacecraft  charging  were  recognized 

Sderftloir  'J^nlcLr  by'thfrmal  controfcL: 

co«r.d  with  a thin  juattt  dielectric  coverglaas.  well  „«r  lo%  ortrexlerlor 

are  See  LeH^  tfem.5  second  atirface  wlrrore  which 

7 for  thermal  control  purposes.  Because  these  dielectric  surfaces 

arril!o  ^ slROlfJoant  portion  of  the  total  exterior  surface  of  spacecraft,  they 

sJLewaft  i^^orbir'°?n  Jh  charging  characteristic  cf  ’ 

spacecraft  in  orbit.  In  the  current  state-of-the-art  of  thermal  control  cen- 

erally  the  outermost  layer  of  thermal  blankets  is  a sheet  of  a very  good  dl- 

ectrlc,  typically  kapton,  mylar,  or  teflon,  with  thicknesses  in  tho^order  of 
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layer  of’’l‘m?J  kap^™‘,,^d"a!j‘i„i;er  Jay^rof  1°  ^"'’Hon^at) 

are  tea  |„yera  „f  1/4  „„  kaptoa "h  Tarf  iLriJ,  "f;’"-.. 

Ita  thermal  propertlea.  The  nomiaal  thlrkni^rit  ra“"’’  «»  Improve 

"'ll.  All  layers  have  the  VDA  flJm  on  the  Inn  • ‘omposite  blanket  is  100 
change  the  VDA  thickness  with  varying  ^hlckn^!  ^ ""  attempt  is  made  to 

The  outer  and  inner  layer  VDA  resLtanJ*^^  dielectric  sheets, 

square,  n.ese  are  sporchecLra"^^"  Ived  1 P-r 

about  1 ohm  per  square.  The  Inner  lavers  k^"  typically  are  measured  to  be 
are  typically  100  ohm  per  square  Jverthouvh^rr‘’unf  crinkling  process, 
same  for  all  layers.  Calculating  the  VDA  thlrk^  thickness  is  nominally  the 
bulk  resistivity  of  aluminum  (p  = 2 83  • 10-6  <^he 

resistance  gives  °hm-cm)  and  the  1 ohm  per  square 


t = p/R  = 2.83 


10 


-6 


cm  - 283  Angstroms 


’^ange.  ^ IS  more  nearly  in  the  1,000  Angstrom 

u haa^htr^e^mi^ri  ^h^f^hi 

the  spacecraft  structure.  The  reasonlnrhJk^  5 !u-  connected  electrically  to 
arcing  from  the  metallic  film  would  b recommendation  is  that  the 
the  dielectric  surface.  It  was  assi.Ja  ^h  from  arcing  of 

because  of  its  inherently  greater  conductivi ^ inctallic  film  would, 
area  than  would  an  arc  from  a dielectric  surface  from  a much  larger 

shown  to  be  not  wholly  confirmed  bv  snho.m  ut^tace.  This  reasoning  has  been 

charge  -wipeoff  -teL  eLsts  at  ■LL^  fondle ^ 

few  hundred  to  a few  thousand  square  centimeters*^^  Tli.^  sample  areas  of  a 

lie  film  Is  grounded,  arcs  from  the  dielectric  «'  ^^'S’  ®ven  though  the  metal- 

es  to  flow  through  the  groundstrap.  ur  aces  may  cause  current  surg- 

or  Punch-through°arcrOa)*'from  tlTdiele^tilc^Iurr  Hashover 

stress  the  groundstrap  directly  A sccond-rv  to  the  metal  film  do  not 

of  change  of  surface  potential  and  th^  exists  in  which  the  rate 

ler  replacenunt  current  to  flow  throueh  the*^l^^"‘^H  causes  a much  smal- 

and  difclectrlc-to-die1ertric  arcs  iro^  i ^oundstrap.  Dielectrlc-to-metnl 
trie  and  me ta  Uto- metal  ar.:s  whL  Lf  'r  Metal-to-dieuL 

grounded,  are  sliown  in  (3d)  and  (3e)  Arcs^^t*^*^  metallic  film  is  un- 

layer  is  T>rriporlv  pronnded  the  Drohl^^m  . . ^ that  if  the  outermost 

outvr™,,«l  Ipvcr.  „Lnv  h..li;4  '’  h7  *“  "»'• 

cause  Us  <•  ip.u  i i .i,ko  is  less  the  char  ^ ’ P»'csents  the  greatest  hazard  he- 

threshold  wolf  i.  t,,e  highest  AlthS  the  breakdown 

bfi  St  . Although  some  grouudstrapping  techniques 
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0^  POOR  QUALfhr 


. ‘V/ t'H'ir  hlRh  Ohms-per  square  resistivity  la 

T:  n..ru,.„«  „t  tl,..  fi  lm  „re  alLdy  IsaLud  aJd  U 

. V.  11  «1111C  iiniHinmit  Hint  the  oiitt'rnit).st  laytc  be  well  grotinded. 


ARC  l)rSCHAR(iE  CHARACTERISTICS 

tunnel  tests  were  undertaken  to  define  the  ate 
• . buMlvdown  t-luvsholds  and  current  waveforms.  Unfortuiately  as  manv 

Lss  hi:  "r;  ■'“""I  definitive  chaLc?eriI;tions  wLe 

.siblt  In  regard  to  the  breakdown  thresholds,  these  were  found  -to  be  very 

dependent  on  the  sample  configuration.  By  carefully  folding  over  the  edgls 
dL^^.^  kapton  sample  so  that  only  punch-through  type  arc  break- 

20  ki  lu  no  discharges  with  the  maximum  beam  voltatrS 

XV  differential  between  beam  voltage  and  su^fS  po- 

elvea^  h”'*  i*"a  ‘"’t  tbe  secondary  emission  cross-over,  an  18  kV  stress 

gives  a breakdown  field  greater  than  9 kV/mil  or  3.5*10^  V/cm. 

VDA  at  the  corners  of  the  test  sample  to  provide  points  of 

per  mini  A initially  in  arcs  at  the  rate  of  a few^lLs 

SO  pf/c^H  i‘"  *'™  d,  of  10  na/cm2  and  a capacitance  of 

pf/cm  the  ehargeup  rate  inav  he  ealeulated  as 

V ^ J 

I C ^ 200  volts/serond  = 12  kV/minute 


l7nj  voltage,  the  breakdown  electric  field  is  3 kV/mil  or  1.2-1Q6 

. about  ■>  or  10  minutes  however,  tbe  rate  was  found  to  decrease  and 

tank  sT  'Examination  of  the  sample  out  of  the  vacuum 

tank  showed  that  the  metallic  VOA  film  had  been  eroded  from  the  edge  Another 

not  foZd^'"  fetssors  anJ 

not  toldod  ovor  behaved  similarly. 

All  of  th(  ti‘st  s.nnplc*s  deseribed  tlujs  far  were  mounted  on  a 

and  tiK.  VIW  „,,s  "rtha  oxL^al  E^on^r 

thirlVl  blank  ril'dT”' configuration  tried  was  with  the 
thermal  blanket  lolded  over  the  plastic  frame,  but  with  the  entire  unit  monftt..a 

anVTh'!  ''"’^"''"’i  4.  nie  VDA  was  Insulated  from  the  pane 

tion  I'  hiought  out  thr.Migh  a hole  In  the  panel  and  the  connL- 

tlon  to  the  panel  ivas  brought  aut  of  the  vacuum  tank  as  well  as  the  VDA  With 
no.,  ohm  f.rm.nating  resistor,  currents  as  large  as  500  amperes  with  7 1 5 
m crosecond  width  were  observed  on  a 14  x 28  cm'snmple.  Fign^"  5r2ows  ^n 
example  ol  the  waveform.  Visually,  most  of  the  arcs  stsrterVnt  rL  „a  . 

rrrtfoirrin'x  nnd  c sbow^xamples  of  cur- 

witirsamp'l  an'?  It*  si  I’* 'V  " '‘i  increase  of  pc-k  current 

0.5  US  to  I ( N ,s  ,h  ’ 1'’^’  nJso  increases  from 

,.m  Vi  I •’  ! 'le.!  IS  increased.  The  smallest  sample  8x8 

, also  had  a somewhat  dmer.  nl  configuration  In  that  a 0.25"  guard  ring  was 


SSnSJS’S*'^^^^^  •«»^^.^" ^^1il.^^.•„"“•‘  '■“”  «c,Uoscope. 

"•eterainej  the  rejetles'llf  ^ ff  *”^'M«<I  that  the  terming??  •iMinuio  backing 
Plata  and  to  the  tart  '“‘“I  ■■»<«>ts  ol  cnl^Z  !.  *"'*  «“‘atanla 

•lalot  .as  incta'aarar”-  «" 


toad  Resistance  (ohms ) 
Peak  Current  (amperes) 


400  100 


10  100  looo 


*wu  30  2 

from  the^8ample**to"the**  attempt  was  made  to  minimi 

especially  with  tL  ?!  ?«®>'nal  load  resistors  Th»?^  Iftductance; 

cause  of  thrind!?^  «aiatancsr  k voltage, 

tha  pert  cncrentr  and  thatefoM  h.«  S"«  Sl?.?tf  'r*"  '’®- 

®en  a lifflltlng  factor  on 

GROUNDSTRAP  DORABiLm  tESTB 

the  number  of  pulses  charged  to  10  kV,  a 1 current 

for  the  different 

'0  any  othet/:“*J.l™a  L»%n““  «"«‘tlo„a  aiS 

‘arlocatloa.  «»«  «»"  10.000  p„l.aa  .irno'7n«c«;:n':; 

Pharga"'d:.“:trru1tL'Jr?"“’“  »"  '"'“al  blanket  accl  a 
fined  at  this  time  with  inLb®  ® typical  arc  dla!h 

triggering  mechanist,  f confidence.  In  partlcSL  be  de- 

surface  potential  durlne’dlf*^*'!  dielectric  surface  drain  breakdown  threshold 
Since  pulse  dur!tio?s  !f  ?^®"berge  or  replacement  of 

eerved,  a 1 Us  puls!  ^ban  lOO  ns  to  gr!at!!  t!!!  -aderstood. 

llarly,  since  arc  breakd!!  "®®  ®®®“«ed  to  be  a reaaortab?!  been  ob- 

observed  in  lev  cokdown  voltages  of  2 fcv  *•„  nable  compromise.  Sim- 

•01  w!  ^oJranlL”  rT"  “>  * P«latl«irhfrtT'  f’"  ® 

•«000  cl,  have  been  °1  1 *U*k»ton®*'a,’l!®  ‘=’P“<-‘lanca. 

0)  »f  the  Enro^annSa'Z"  to  diartarga  In  a aJS  pn ui“r*S  '"O" 

the  magnitudes  of  peak  funherr!i„!r 
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TEST  SETUP  AND  SAMPLE  CONFIGURATIONS 


Pie  of  tho  thermal  bUnkef  It  Sted  Sv  t 

Width  on  one  side  and  by  the  grounds t ran ^ cross-bar  over  its  entire 
resistor  Halts  the  peak  current  from  the  .01  uf  cIpHito?  tTlM^mpe^r^""*''' 

lb.  7cr”ild*7d!'  ^^‘’““'‘PlPeP  eonflguratloos  are  shown  In  fig„res  7a. 


TEST  RESULTS  AND  DISCUSSION 


The  test  results  are  shown  in  fieures  fia  k j j 

strap  resistance  vs  the  nunfcer  of  current  burst^  Tha  r 
marized  below,  showing  the  number  of  pulses 

fxguratlons:  puises  to  burnout  various  groundstrap  con- 


DSP 

FSC 

DSCS  II 

modified 


20  to  60  Pulses 
AO  to  200  Pulses 
600  to  1200  Pulses 
Greater  than  10,000  Pulses 


Tlie  wide  variation  in  the  number  of  pulses  reauirarf 

open-circuit  seems  to  depend  on  the  oerlnLr!?  .u  groundstrap  to 

the  metallizlnfi  VDA  film  and  ^ length  of  the  contact  between 

la  indicated  by*  an  ex^"n“?„f :i%'HTro“:ta'c“confr%*» 

samples  and  by  the  fact  that  it  wa«  conflgutations  of  the  various 

which  the  VDA  la  bur'^J  oft.  In  “e  cLTof  t^rh*'/*  P«‘Phnrlea  at 

testing  at  500  amperes  peak  showed  that  VDA  bujLft“  arcelerated  life 

Plsnre  9 Is  a photograph  showing  small  pncker'^ou^ds  2a:clat‘d"'iuh'“LE“;“ue. 

SECOND  SURFACE  MIRROR  CHARGING  TESTS 

inch  ztittl  «■*'''  ^ 2-1/2 

TRW  programs  were  ^ ® windows.  Window  materials  ased  on 


P£oS£am  WL«j1ow. Jitter 


DSCS  II 

FLTSATCOM 

DSP 

TDRSS 


Glass  (Boroslllcate) 
Quartz  (Fused  Silica) 
Glass  up  to  Serial  )?9, 
then  Quartz 
Quartz 
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The  Ihfter  surface  of  t^e  window  is  coated  with  vacuum  deposited  sliver  to  a 
thlckncss^of  500-1000  A,  The  metallized  layer  is  protected  with  a thin  layer, 
100-1000  A,  of  ceramic.  Until  several  years  ago,  a layer  of  Inconel  was  used 
instead  of  the  ceramic,  but  the  ceramic  was  found  to  provide  better  protection. 
The  second  surface  mirror  is  bonded  to  the  Spacecraft  with  a silicone  adhesive, 
roughly  3 mils  thick.  Silicone  adhesive  Is  used  to  permit  thermal  compliance, 
i.e.,  permits  relief  of  thermal  stresses. 


Second  Surface  Mirror  Tests 

The  second  surface  mirror  (SSM)  tests  were  performed  in  the  2’  diameter  by 
A’  long  vacuum  tank  with  the  test  setup  as  shown  is  figure  10.  An  electron  gun 
at  one  end  of  the  tank  is  capable  of  providing  an  electron  beam  density  of  100 
na/cm.  at  20  kV.  Hie  positive  side  of  the  acceleration  power  supply  is  ground- 
ed to  the  tank.  A door  is  provided  near  the  mid-section  of  the  tank  to  permit 
the  "substorm"  to  be  turned  on  and  off.  Faraday  cups  are  provided  both  In 
front  of  the  door  and  in  front  of  the  test  sample  to  calibrate  the  incident 
current  density.  Electrostatic  voltage  probes  are  provided  on  swinging  arms  to 
provide  scans  of  surface  potentials.  During  most  of  the  SSM  testing  the  elec- 
tron  current  was  set  at  10  na/cm^  with  an  accelerating  potential  of  20  kV. 


Two  test  samples  were  used.  Both  samples  consisted  of  six  SSM's  mounted 
on  an  aluminum  substrate  with  roughly  a 3 mil  thickness  of  silicone  adhesive. 

In  one  sample  all  the  SSM's  had  quartz  windows  and  In  the  other  glass  windows. 

In  each  case  a heating  pad  was  mounted  on  the  side  of  the  substrate  opposite  to 
the  mirrors.  The  samples  were  also  Instrumented  with  thermocouples  to  determine 
the  sample  temperature.  Several  connections  were  brought  out  from  the  sample 
under  test.  These  consisted  of  heater  wires,  thermocouple  output  wires  and  a 
single  output  current  wire  from  the  aluminum  SSM  substrate.  This  output  was 
grounded  through  a 1-ohm  resistor  which  fed  the  Input  to  a strip  chart  recorder. 
Occasionally  the  same  output  was  examined  using  a Tektronix  555  oscilloscope 
loaded  with  a 50  12  resistor  at  Its  Input. 

Arcing  occurred  with  the  quartz  SSM  sample  soon  after  the  door  was  opened. 
The  arcs  could  be  observed  visually  by  looking  through  a window  In  the  tank. 

Most  of  the  arcs  appeared  In  the  cracks  between  the  mirrors  but  occasionally 
arcs  appeared  to  flash  across  the  mirror  surface.  An  oscilloscope  trace  of  a 
typical  pulse  associated  with  the  arcs  is  shown  In  figure  11.  The  trace  shows 
an  approximately  40  ampere  pulse  of  about  one-third  of  a microsecond  duration. 
Note  that  the  polarity  Is  positive.  Indicating  that  electrons  are  leaving  the 
sample  and  (presumably)  going  to  the  vacuum  tank  walls,  which  arc  at  zero 
(grou  ' potential.  The  electrical  circuit  Is  completed  by  electrons  which 
flow  f .om  ground  through  the  resistor  to  the  sample.  This  Is  equivalent  to 
positive  charges  flowing  in  the  opposite  direction,  which  la  consistent  with 
the  observed  signal  polarity. 

There  should  also  be  a displacement  current  component  which  flows  due  to 
the  capacitance  between  the  test  sample  and  the  vacuum  tank  walls.  Assuming 
that  this  capacitance  If  lOO  pf  and  that  the  sample  surface  represented  by  this 
capacitance  goes  from  -11  kV  to  0 V In  .33  microseconds,  the  charge  and  voltage 
currents  are 
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Q = CV  « coulomb;  1 » Q/t  = 3.3  amperes 

The  displacement  current  would  be  In  the  opposite  direction  and  smaller  than 
the  former  current  and  would  reduce  the  .mplitude  jf  the  observed  positive 
pulse. 

Two  different  modes  of  arc  discharging,  to  the  tank  walls  and  across  the 
SSM  window  to  the  substrate  can  occur  and  are  illustrated  In  figure  12.  If  the 
arc  Is  to  the  tank  wall  as  in  figure  12a,  both  currents  discussed  In  the  pre- 
vious paragraph  will  flow.  Since  the  displacement  current  is  smaller,  a posi- 
tive polarity  pulse  Is  anticipated.  Note  that  If  the  arc  la  to  the  substrate 
(fig.  12b),  the  current  pulse  polarity  is  reversed  and  a negative  polarity  Is 
predicted.  This  polarity  has  not  been  observed  experimentally. 

The  potential  on  the  SSM  Just  before  breakdown  was  measured  using  the  ca- 
pacitance probe  and  found  It  to  be  -11  kV.  The  capacitances  of  the  six  mirrors 
Is  approximately  3600  pf,  therefore  the  total  current  that  would  appear  in  the 
pulse  if  all  the  charge  went  to  the  walls  Is  given  by 


I 


t 


3.6  X 10~^  X 

333  X 10 


11,000 

-9 


amperes  = 120  amperes 


Therefore  the  40  amperes  shown  in  the  oscilloscope  trace  corresponds  to  only 
one-third  of  the  total  charge  on  the  mirrors.  The  remainder  of  the  charge 
either  remains  on  the  mirrors  or  "flashes  over"  to  the  grounded  aluminum  sub- 
strate effectively  reducing  the  positive  current  pulse  observed. 

The  rate  at  which  arcing  occurred  was  determined  from  the  strip  chart  re- 
cording pulses.  This  data  was  taken  as  a function  of  temperature  from  20“C  to 
100“C.  An  example  of  the  strip  chart  recording  Is  shown  In  figure  13.  In  the 
example  shown,  the  chart  Is  moving  at  a rate  of  1 Inch/minute  and  the  sample  is 
arcing  at  the  rate  of  7.8  arcs/mlnute.  Note  that  the  pulse  heights  vary  sig- 
nificantly from  pulse  to  pulse.  No  quantitative  Information  on  the  amount  of 
charge  involved  In  the  pulses  can  be  obtained  from  these  recordings  because  of 
the  slow  response  of  the  strip  chart  recorder. 

Results  of  the  arc  rate  vs  temperature  test  for  the  quartz  SSM  Is  shown  In 
figure  14.  It  Is  clear  from  the  data  that  the  rate  of  arcing  was  not  signif- 
icantly affected  by  the  temperature  change.  The  leakage  due  to  the  resistivity 
of  quartz  apparently  remains  a small  contribution  to  the  current  balance  of  the 
sample  even  when  the  temperature  is  as  high  as  100°C  and  arcing  continues  at 
all  temperatures  up  to  100*C.  When  the  Incident  electron  e<irrent  was  reduced 
to  1 na/cm^  from  10  na/cm^,  the  arc  rate  decreased  from  about  7 arcs/mlnute  to 
0.7  arc/mlnute  but  did  not  cease. 

Tlie  six  glass  window  mirrors  were  placed  in  the  chamber  and  Irradiated 
with  the  same  electron  current  (10  na/cm^  at  20  kV)  to  which  the  quartz  x»;lndow 
mirrors  were  exposed.  At  room  temperature  arcs  were  observed  both  visually  and 
on  the  chart  recorder  but  at  a lower  rate  than  seen  with  a quartz  window.  Wien 


666 


the  current  was  reduced  to  1 nfl/rin2  n,  ^ 

suits  of  the  arc  rate  vs  temperature  test^in"pi  ®hows  the  re- 

ront  of  10  na/c«2.  j„  contrL^irttr^L^ta  ° ‘“'‘‘'•'"t  ogr- 

ture  dopcndenca  Is  obsgrvsd.  fl,e  s“  rs^fd^rff?  ° Jeflnlte  tempsra- 

a.ura  aad  gg^arclap  was  obsarvad  at  tempaLfuilrgraa^rtV^^  I"?.’''*'’ 


SUMMARY  AND.  CONCLUSIONS 


has  been  examined,  and  a 'crS^rmodergenera^  Plasma  environment 

made  of  the  number  of  arc  dlscharees  LJ  ^ ^ permit  an  estimation  to  be 
strap  would  be  subjected!  Laborafrry'^:' 

on  arc  discharge  characteristics  were  peJfoJmed  ^ literature 

arc  discharge  current  waveforms!  In^al!  tLts  of  worst  case 

uratlons  to  a standardized  test  pulse  were  ne!f°^  <llfferent  groundstrap  conflg- 
durablllty  values  were  found.  A^new  groundL^rr'^h^?'*  ® variability  of 
was  found  to  be  far  superior  than  the  othe^ ! technique,  not  used  thus  far, 

here  ^sogss.d 

• Definition  of  the  environment 


in  terms  of  statistical  dlstrlbutl 
~ In  terms  of  satellite  longitude 
In  terms  of  the  solar  cycle 


ons 


• Definition  of  the  charging  process 


In  terms  of  material 
— in  terms  of  specific 
In  terms  of  specific 


parameters 

spacecraft  configurations 
satellite  orientations 


flnition  of  arc  discharge  characteristics 


arc  discharge  breakdown  thresholds 
'^*‘ii?8erlng  mechanisms 
— areas  and  patterns  of  discharge 

arc  discharge  current  and  voltage  waveforms 


vent  arc  dlLhargerorthe  oIl!erdlelectHc^^urfLe''"ri  P'’^- 

tromagnetic  Interference.  ^ tqnipnKMit,  l.e.,  in  terms  of  elec- 


bc  i«"ProvercaIlnofT"answe^  spacecraft  program  needs  to 

lack  of  adequate  data  and  knowledge  about  th  > u *^imc  because  of  the 

discharge  characteristics  as  listed  above  The  process  and  about  arc 

aoovt.  The  greatest  uncertainty  in  the 


•It  5 


Vi 
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computed  numbers  of  arcs  per  year  in  table  2 (500  to  2,000),  are  probably  due  to 
the  lack  of  underatanding  of  the  arc  breakdown  process.  DeHclcncioB  in  on- 
yironirtefttal  and  materials  parameters  characterizations  are  also  major  factors 
in  the  computational  Inaccuracy.  Because  many  of  these  uncertainties  have  op- 
posing influences  on  the  discharge  rats,  e.g.,  lower  breakdown  threshold  and 
lower  resistivity,  the  upper  range  of  2,000  pulses  per  year  is  probably  not  too 
bad.  The  numbers  of  pulsSs  to  cause  burnout,  20  to  >10,000,  ate  most  likely 
too  high  by  several  orders  of  magnitude  for  the  reason  of  the  test  load  resis- 
tance effects  summarized  previously.  The  various  arcing  configuration  effects 
are  outlined  in  figure  3;  whether  or  not  the  arc  currents  actually  flow  through 
the  grouttdstrap  has  not  been  determined.  Only  direct  arcs  to  the  test  chamber 
walls  (to  space)  have  been  observed  In  most  tests  performed  to  date  simply  be- 
cause the  other  arcing  modes  are  difficult  to  detect  and  to  quantify. 


The  results  of  the  second  surface  mirror  tests  verify  that  quartz  SSM's  do 
pose  an  arc  discharge  hazard  for  spacecraft,  but  boroslllcate  glass,  because  of 
its  poorer  insulating  property,  does  not.  The  trend,  unfortunately.  Is  towards 
greater  use  of  quartz  SSM’s  because  of  their  superior  thermal  control  proper- 
tles.  The  partial  cleanoff  (M/3  of  the  initial  charge)  of  all  of  the  SSM’s 
(six)  in  the  sample  has  been  observed  to  occur  in  M/4  microsecond.  As  with 
the  thermal  blanket  discharge  measurements,  the  peak  currents  observed,  in  the 
order  of  40  amperes,  was  undoubtedly  dependent  on  the  diagnostic  load  Impedance 
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TABLE  1.  SUBSTORM  MAXWELLIAN  PARAMETERS  WITH  DURATIONS  FROM  ATS-5  1970  DATA 


Severe 

Moderate 

Mild 

Quiet 

Jan.  2 

(Avg.) 

Mar.  27 

Jan.  3 

Jan.  1 

Feb.  6 

2 

Peak  Electron  Current  Density,  ^^^(na/cm  ) 

0.84 

(0.95) 

1.05 

0.35 

0.14 

0.054 

Peak  Electron  Temperature,  (keV) 

13.0 

(7.5) 

2.0 

8.0 

5.0 

5.0 

♦Average,  (1/2  Peak)  (na/cm^) 

0.42 

(0.48) 

0.53 

0.18. 

0.070 

0.027 

♦Average,  (keV) 

6.0 

(6.0)^^ 

1.5 

5.0 

3.0 

3.5 

2 

•Average,  : 43)  (na/cm  ) 

0.011 

0.0042 

0.00163 

0.00063 

•Average,  (2  T^)  (keV) 

7.6 

10.0 

6.0 

7.0 

Duration/Day  (Hours) 

12.0 

9.6 

2.4 

12.0 

Days/Year  (Days) 

36.5 

29.2 

43.8 

255.5 

Hours /Year  (Hours) 

438.0 

280.0 

105.0 

3066.0 

•Average  during  substorm. 

••Use  higher  temperature  for  worst  case. 


TABLE  2.  COMPUTATION  OP  THE  NUMBER  OF  ARCS  PER  YEAR 
WITH  RESISTIVITY  DEPENPEHCB 


Type  of  Substorm 

A 

Severe 

Moderate 

MMd 

Quiet 

Jog(na/cm^) 

.48 

.18- 

.07 

.027 

Tg(kl  lovelts) 

6 

8 

7 

t WA  f 

7 C 

Duration  (hrs/year) 

438 

280 

105 

J * 7 
3066 

Arcs  Per  Year  with  Non-Llnaar 


.«,I8 
10  ohm-cm 


d a 1 mil 

1500 

d a 2 mils 

1083 

702 

d a 3 mi-ls 

Jq  b 10*7  ohm-cm 

d a 1 mil 

1407 

d a 2 mils 

1049 

d a 3 mils 

467 

^ • 2.66*10^^  ohm-cm 

d a 1 m}| 

1034- 

Pjj  “ ohm>cm 
d - I mil 

Arcs  Per  Year  with  Constant  Resistivity 
P 


10*®  ohm-cm 


d • I ml  I 
d a 2 mils 
d a 3 ml  Is 

P “ 10*^  nhm*cm 
d a I mil 
d a 2 mils 
d a 3 mils 

p a 2.66*10*®  ohm*cm 

d a I mil 

P • 10*®  ohm-cffl 
da  I mil 


1500 

1090 

715 


1467 

1049 

657 


1093 


292 

184 

54 


216 

0 

0 


295 

191 

82 


273 

158 

0 


189 


8 

0 

0 


0 

0 

0 


13 

0 

0 


0 

0 

0 


23 

0 

0 


0 

0 

0 


0 

0 

0 


1823 

1267 

756 


1623 

1049 

467 


1031 


230  2038 

0 1281 

0 797 


1740 

1207 

657 


1282 


670 


figure  2. 


time  (1000  SECONDS) 

%“evere1: 


(a)  PUNCH-THROUGH  (b)  DIELECTRIC 
OR  aASHOVER  itLtCTRIC- 


TO-METAL 


(c)  DIELECTRIC-TO-DIELECTRIC 


I = 0 


(d)  MfTAL-TO-DIELECTRIC 


(e)  METAL-TO-METAL 


(f)  ARC  TO  SPACE 


FIGURE  3.  POSSIBLE  THERMAL  BLANKET  ARCING 


CONFIGURATIONS 


FK.URE  4.  TRW  TEST  SAMPLE  CONFrcURATION 


14  X 28  cm  SAMPLE 
500  AMPERES  PEAK 
1.5  ns  WIDE 


(b) 

12  X 12  cm  SAMPLE 
100  AMPERES  PEAK 
1 ns  UIDE 


o 

8 X 8 cm  SAMPLE 

12  amperes  peak 

0.5  ns  WIDE 


ricnm-  s. 


ARC 


nFSCHAKCK  (^IIRKM'NT  WAVi;i'c>RMS 


INtZEO  iVUTACe  Of 
B OB  KAPTCn  FlIM 


FIGURE  7.  GROUNDSTRAI*  CONFIGURATIONS 


FIGURE  9.  GROUNDSTRAP  TEST 


ELECTRON  GUN 


T 


FIGURE  10.  TEST  CONFIGURATION 


FIGURE  11,  OSCILLOSCOPE  TRACE  OF  TYPICAL  PULSE 
ASSOCIATED  WITH  SSM  ARCS.  (ONE 
'.EPTICAL  DIVISION  « 20  AMPERES  AND 
ONE  H0RI7ONTAL  DIVISION  = 1 pSEC  ) 


ALUMINUM 

SUBSTRATE 


M- 

00  pf  U - TO  SCOPE 


R = I 


Tank  wall 


aluminum 

SUBSTRATE 


R = 1 ft 


tank  wall 


(a)  ARC  TO  TANK  WALL 

(b)  ARC  TO  ALUMINUM  SUBSTRATE 
fICURE  12.  ARC  DISCHARGE  MODES  PROM  SSM  WIHDOW 


U-LL!!£!L.U 


quartz  SAMPLE 

10  na/cni2 


\i  • 


ARCS/MINUTE  ARCS/MINUTE 


QUARTZ  SSM  SAMPLE 
ELECTRON  CURRENT 
10  na/cm2 


20* 


40 


1 I 

TEMPERATURE  (®C) 


1 


FIGURE  14.  RATE  OF  ARCING  OF  QUARTZ  SSM  SAMPLE  (LEAST  SQUARE  FIT 
SHOWN  DOTTED)  .. 


GLASS  SSM  SAMPLE 
ELECTRON  CURRENTS 
10  na/ctn2 


X 

20 


Si* 

s 

X 


60 


TEMPERATURE  (°C) 


1 


FIGURE  15.  RATE  OF  ARCING  GLASS  SSM  SAMPLE 
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INVESTIGATION  OP  EE«3mQSl!ATIC  DISCHARGE  PHENOMENA  ON  CONDUCTIVE 

AND  NOl^-OONDUCTlVE  OPTICAL  SOLAR  RBELBCIOPS 

S.  j.  Bosnia  and  C«  F«  Mlnier 
Eut^iean  Speioe  Research  £Uid  Technology  Centre 


and 

L.  Levy 

Dipartnent  d*  Etudes  et  de  Recherches  en 
T^chnologie  Spatiale 


IMBODUCTION 

As  part  of  a study  of  the  effects  of  charge  huiM-up  on  thermal  ccaitrol 
coating  naterials#  a sample  coitposed  of  non--conductive  optical  solar  reflec- 
tors (OSR)  was  irradiated  with  lew  energy  electrons  at  the  DEBTS  facility 
in  Toulouse  (Ref.  1). 

The  degradation  effects  on  this  panel  due  to  electrostatic  discharges 
justified  a follow-up  investigation  into  possible  alternatives  to  limit 
the  amount  of  damage.  This  paper  evaluates  the  following  systems  : 

a)  Non-conduct ive  OSR  — non-conductive  adhesive 

b)  No.  i-conductive  OSR  — conductive  adhesive 

c)  Conductive  OSR  - conductive  adhesive  (no  interconnection  of  the  OSR's) 

TEST  FACILITY 

The  tests  were  performed  in  an  irradiation  chamber  (Fig.  l)  at  the  DEBTS 
Laboratories  in  Toulouse.  Tlie  chairber  consists  of  the  following  elements  : 

- A High  Tension  Feed-Through 

This  feed-through  is  connected  to  the  conductive  substrate  on  which  the 
test  sanple  is  glued. 

- A Diaphragm 

To  limit  the  incident  beam  on  the  test  sanple. 

- Three  Faraday  Cups 

To  monitor  the  incident  beam  during  irradiation. 

- A Viewing  Port 

- An  Electron  Reajn  Diffusion  Window 

This  window  consists  of  a 2 micron  thick  aluminium  sheet,  which  oermits 
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the  Irradiation  of  large  surfaces  by  diffusion  of  the  initial  mono-energetic 
beam.  The  obtained  flux  unifoimity  over  the  sanples  area  is  + 40%. 


imstmo  ELECTRICAL  PARAMETERS 
Leakage  Current 

The  conductive  substrate  of  the  test  sanple  is  grounded  through  a series 
of  resistances  and  a nanoairp§remeter  (Fig.  2) , vdiich  measures  the  le^^age 
current. 


Discharge  Pulse 

An  oscillosccpe  is  connected  to  the  resistances  in  a voltage  divider 
mode  (Fig.  2) . 

A discharge  is  characterised  by  ccxtparing  the  voltage  pulses  measured 
over  the  divider  (Figs.  3A  and  B) . 

Discharge  Current 

Ihe  substrate  of  the  test  sanple  is  directly  grounded.  The  discharge 
current  is  measured  with  a current  probe  and  a fast  storage  oscillosccpe. 
(Fig.  30 

Surface  Potential 

If  a test  sanple  is  sulmttted  to  an  electron  beam  with  an  energy  E cind 
a current  I . the  actual  current  I reaching  the  surface  of  the  test  sanple 
will  depend  on  the  potential  V of  this  surface. 

DERTS  have  determined  the  different  relations  I (V)  for  various  electrcMi 
beam  currents  Iq  and  energies  E©* 

Fran  tliese  curves  the  surface  potential  (V)  may  be  evaluated  by  measu- 
ring the  corresponding  current  (I)  at  the  time  of  the  discharge. 

TEST  CONDITIONS 

“5 

A vacuum  of  better  than  10  torr  was  maintained  during  the  irradia- 
tion. 

All  sanples  tested  had  dimensions  of  65  x 65  mm.  They  were  Irradiated 
with  electrons  of  increasing  energy,  starting  from  5 KeV  up  to  30  KeV  with 
current  densities  of  0.1  nA/cm  to  2 nA/cm  until  discharges  were  cA>Eerved. 

When  the  conditions  for  electrostatic  discharges  are  obtained,  the 
sanple  remains  irradiated  and  is  allowed  to  discharge  during  6 hours. 


GaJERAL  BEHAVIOUR  OP  TOE  IRRADIATED  Sm*lE 


ijnplnging  electrons  on  the  senile  surface  cause  a charge  disoicice- 

Sreit  substrate  which  accounts  for  tiio  initial  high  leakage 

current.  This  rtisplacemait  current  decays  with  time,  because  the^incldent 
e^trons  are  partially  retarded  by  a potential  hilld-up  on  the'sanple 


There  are  two  cases  to  be  considered 


potential  build-up  is  sufficient  to  decrease  the  num- 
nafhc  electros  to  a value  vAiich  can  be  removed  by  the  leakage 

sanple.  An  equilibrium  potential  is  obtained  which  is  lower 
than  the  breakdown  voltage  of  the  di-electrlc. 


ca^  B)  (Fig.  4B)  The  charge  removal  through  the  leakage  paths  is  at  all 

incident  electrons.  The  test  san«)le  will 
c breakdc^  voltage  of  the  di-electric  at  which  time^  abrupt 
occurs.  It  is  assumed  that  this  is  caused  by  a^ 
T surface  area.  After  the  discharge  the  leakage  current 
jumps  to  a high  value  and  starts  to  decay  until  a new  discharge  takes  place. 


The  discharges  described  in  case  B are  identified  ae?  ''i=vrTc"  ir. 
^ction  to  "^11"  discharges,  v#iich  do  not  considerably  modify  tlie  surface^ 
potential  and  are  assumed  to  be  “point"  discharges.  This  latter  type  cS 

PhencTBna  have  been  reported  by  other 


SYSTEM  (a) : t*3l-CI»JD0CTIVE  OSR  - M0N-C30NDUCTIVE  ADHESIVE 


Test  Sample 


sample  tested  was  a panel  cotposed  of  9 OSR* s manufactured  by  OCLI, 

^ (manufacturer  : General  Electric,  USA) 

Soie^  ^The  ^ ^ ^ procedure  to  the  OTS 

P oj^t.  "^e  assembly  was  mounted  onto  the  test  plate  at  ESTBC.  usina  a con- 

SSrS  by  «hl=h  oonslsL  of  PlvI^  toSIotuSr: 

general  Electric,  USA)  and  netal  powder  1029B  fran  Chomerics. 


prime?S^i20o'^Pi™^^.^^®  ^ Coming  silicone 

primer  DC  1200.  Figure  5 shews  the  ccuposition  of  the  test  panel. 


Test  Results 


by  TableT^  insults  obtained  fran  testing  tlie  OSR  pivyel  is  shown 


Investigaticsn  of  Degradation  Effects 

This  investigation  consisted  of  the  following  steps  : 

1)  E^iotograj^ic  examination  of  16  pre-detettiined  points  (Figure  6)  j 
no  degradation  at  first  observation 

2)  cleaning  with  iso  propyl  alcohol  and  lens  tissues.  The  sample  was 
examined  under  grazing  incidence.  14  degradation  areas  were  observed  witJi 
a total  area  of  about  3 mm  , i*e.  1.5%  of  the  entire  cirea  (Figure  7) . 

All  defects  euce  close  to  or  around  defects  in  the  adhesive  vdiich  were  al- 
ready present  before  irradiation.  It  is  clear  that  these  points,  \diere 
fOV  is  absent  or  thinner,  were  waak  points  because  breakdcwn  occurred  due 
to  lower  insulation  resistance. 

3)  MicTosocpic  investigation 

A Reichert  projection  microscope  was  applied  working  as  an  interferaneter 
using  the  Ncxnarski  technique.  This  technique  allows  a better  visualisation 
of  the  defect,  but  - due  to  the  polarized  light  - the  vertical  defects  are 
far  more  emphasized  than  the  horizontal  ones. 

At  this  stage,  it  was  observed  that  the  degradation  was  a deposit  on  the 
surface  of  the  OSR.  (Figures  8 and  9) 

4)  Cleaning  with  isc  propyl  alcohol  and  normal  wipe  tissues 

These  tissues  vrfiich  are  more  abrasive  than  lens  tissues  ranoved  the  de- 
posit. It  should  be  noticed  that  the  deposit  is  not  soluble  in  either  iso- 
propyl alcohol  or  acetone  but  can  be  abraded  or  scratched.  An  investigation 
into  the  bottom  layer  of  the  quartz  (the  silver  layer)  showed  that  the  sil- 
ver had  not  been  affected. 

5)  Reproduction  of  the  defect 

A highly  powerful  electrical  breakdown  was  simulated  to  recreate  the 
deposit.  For  this  purpose,  a "Tesla  coil",  manufactured  by  Edwards  under 
the  name  "H.F.  Tester"  was  used.  This  instrument  supplies  a high  frequency 
voltage  (0-20  kV)  v4iich  creates  a charge  on  dielectric  material  and  a dis- 
charge through  a conductive  path  mechanism.  I4hen  such  a discharge  was  ap- 
plied to  tlie  OSR  panel,  the  weak  points  could  easily  be  seen  as  a preferred 
path  for  discharges. 


A firs.t  intensive  dischnrtic  created  a deposit  ocwparable  to  the  one  obtained 
in  thi>  DF^S  test.  The  silver  layer  at  the  bottom  was  also  danvaged. 

(riquro  10) 

A similar  effect  was  created  vdien  the  discharge  was  initiated  in  a 
break  lino  of  the  OSR  itself  rather  than  in  the  RTV  gap.  A further  analysis 
of  a 15  kV  discliarge  passed  through  an  OSR  defect  for  several  seconds  re- 
vealed a small  hole  in  the  toi")  layer  togetlier  with  degradation  of  the  sil- 
vered coating  in  the  bottom  layer.  (Figures  11  and  12) 

As  only  a small  deposit  on  the  tc»  layer  was  observed,  it  was  decided 
to  create  a weak  discharge  with  the  HF  test,  but  for  a longer  period  of 
time.  A discharge  of  araind  5 kV  at  a rate  of  30  per  minute,  for  6 hours, 
wexs  used  in  the  same  defect.  Little  chcuige  was  observed  in  the  defect  in 
tlie  Silver  layer,  but  the  deposit  cm  the  top  layer  increased  significantly. 

6)  Interpretation 

It  is  probable  that  the  acxnmulation  of  snail  discharges  pyrolyses  the 
silicone  adhesive  (R!IV  560)  and  gives  rise  to  a projection  of  silica  par- 
ticles vhich  deposit  on  the  top  i^yer. . 


Sunroary 


1)  After  irradiation  at  DERTS,  no  degradation  of  the  silver  layer 
liad  oexurred; 

2)  At  the  weak  points,,  with  respect  to  breakdoMn  resistance,  a 
deposit  is  formed  wliich  is  probably  silica; 

3)  The  clianges  in  thermo-optical  properties  due  to  these  depo- 
sits should  be  rather  lew  (a  few  percent  increase  in  a,  but 
perhaps  also  in  t ) ; 

4)  Tlie  amount  of  tiiese  deposits  should  increase  with  an  increa- 
sing number  of  discharges; 

5)  If  a large  broakdewn  cxxnirs,  it  will  affect  the  bottom  layer 
of  silver,  but  the  size  of  the  defect  will  prc±>ably  not 
increase  with  the  nuniber  of  discharges.  Microscopic  investi- 
gations show,  however,  that  the  aluminium  layer  of  the  sub- 
strate is  more  severely  attaedeed; 

6)  It  seems  tliat  any  failure  in  the  OSR  is  a privileged  area  as 
regards  tlio  likely  occurrence  of  a discharge; 

7)  It  seems  reasonable  to  suppose  tliat,  with  a conductive  binder, 
this  sort  of  defect  will  not  appear. 

SYSTEM  (b) ; NO^KX3NKX7rIVE  OSR  - OONDWCTIVE  ADHESIVE 

Test  Sample 

In  accordance  with  Ptilnt  7 of  the  sunmary  of  the  previous  test,  DERTl’S 
liavo  |x?rfoniicd  a second  tost  on  9 001,1  OSR's  bondeii  directly  ojito  a test 
plate  with  a conductive  atllieslve  develoixxl  by  ESTBt'  Materials  Section  and 
icnsisting  of  RTV  566  with  metal  powder  I029R  from  ClKmi'rics.  (Ref.  4)  fVfore 
nr^mtlng,  the  tost  plate  was  printcil  with  Dow  Corning  silitwne  primer  DC  1200. 
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Tost  Conditions 


The  test  conditions  were  similar  to  these  applicjd  to  the  previous  test. 
The  St^Ue  was  irradiated  with  electrons  of  increasing  energy,  starting  frew 
la  KeV  UJ5  to  30  KeV  with  Current  densities  of  1 nA/cm*’  to  2 nTx/enC. 

Test  Results 

A suirtiury  of  the  results  fra«  testing  the  OSR  panel  is  showi\  in  Table 
II.  ThG  first  disdiarges  started  at  20  KeV  and  1 nA/cnr,,wliereas  in  the  pre- 
vious test,  the  discharges  camenced  at  25KeV  and  2nA/an7This  could  be  due  to 
the  fact  that  one  of  the  OSR's  was  broken.  A photographic  investigation  du- 
ring the  test  shcMpd  that  the  crack  was  a preferential  path,  but  not  the  onlv 
One.  (Figure  13).  ^ 

Furthermore  the  breakdown  lin\it  of  the  saiiple  appeared  to  decrease  after 
longer  irradiation  periods.  At  the  beginning  of  the  test,  there  were  no  dis- 
charges at  15  KeV  electron  irradiation,  but  at  tJie  end  of  the  test  sequence, 
^ere  were  2 "large“  discharges  at  this  level.  Xf  the  irradiation  time  had 
been  extended,  more  discharges  would  have  occurred.  Tlie  sample  was  however 
constrained  to  the  same  irradiation  time  as  the  previous  sanble  for  compari- 
son. ^ 

Investigation  of  Degradation  Effects 

Prior  to  cleaning  tJie  panel  tlie  surfaces  of  tJic  aSR  have  been  examined, 
using  the  scofle  technique  witli  the  Reichert  microscope. 

- The  observation  shows  that,  on  the  front  layer,  there  is  a faint  de- 
posit of  microscopic  particles;  again  projection  of  silica,  but  a smaller 
amount  than  pre"/ioMsly  observed. 

- The  bottom  layer  of  the  OSR  (the  silver  layer)  is  n«are  severely  da- 
maged along  the  border  line.  Cracks  in  the  silver  layer  ap^xjar  which  arc  in 
the  order  of  0.2  nm  diameter.  (Fitjure  14). 

- In  addition,  a lot  of  micro  s{xMs  (0.02  mm  in  diameter)  of  burnt 
silver  in  the  middle  of  the  OSR  itself  were  visible. 

- In  another  place,  these  micro  s{r>ts  liavc  generated  a blistering  ef- 
fect on  the  silwr  layer  in  a larger  art\a  (0.1  mm  diameter).  In  this  case, 
the  front  layer  slurws  no  defect  at  al  I . 

On  the  previously  crackcil  aSR,  holes  have  btvn  creaitxi  Ix'twvn  the 
front  layer  and  the  bottom  layer,  with  demetallisation.  This  ^-^lenctix'non  had 
been  predicted  and  analysed  in  thi'  previous  test.  (Fitjure  15) 


Interpretation 

It  was  difficult  (o  find  a plausible  exixl.viat ion  for  the  unoxjxvUxl  Lx'- 
haviour  of  the  iwn-oonduct Ivo  aSR  witli  conduct  ive  .uUiosive.  Instead  of  dimi- 
nishing tlie  dcxiradation  offtx'ts  of  the  l\SR,  inereasoi  dmuge  in  the  silver 
layer  was  Inttxxlucxxl.  Tlie  missing  link  was  tVxind  wlien  inf  omit  ion  was  re- 
ceiVGil  that  the  tX’Ll  OSR's  have  a non-oxulucl  ive  l.iyt'i*  (sil  icium-oxidi'  and 
an  organic  finish)  on  the  Ixickside.  A elect  rical  resistance  clHX'k  witti  an 
Olim-mctor  shewed  (h.it  Uio  Ivicksidt'  was  indetxl  non-eondiiet  ive. 
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The  foMciwimi  lUarlui'Me  inochonisn®  wuld  lx>  atiaptcxi  al  tor  thia  nav  iK'v.- 
lofinrnt:  was  iiU  raUiaxl.  (Pitiuro  I(>). 

In  tlio  case  of  a conductiv'c  adlieslvo  a leakaqe  t:urront  will  I low  fii^n 
the  front  face  to  the  metal  layer  on  the  back  of  tlie  OSR  due  to  tht>  cviuUict i - 
yxty  of  the  adliosivo.  A dil  forent -ial  voltage  will  af>jxMi*  IxHwtxni  tlu'  silver 
layer  and  the  non-cixnductive  sH  um-oxide  layci'.  A chst-hanje  fnxn  the  ailviM- 
layer  will  txx'ur  wlion  tlic  brc  ,n  voltai^e  of  the  siliciuiu-t^xldc  layer  is 
exceeded.  Tliis  will  cause  fusing  and  vapoiu'isat  ion  of  micro  sj-x-tts  of  si  Ivor. 

Tire  question  arises  ; "Wiry  this  phenomenon  dcx's  not  apix'ar  whoir  the 
iron-conductive  adlresive  is  used?"  A ptrssible  answer  is  that,  as  showir  in  the 
previous  test , a broakdcfcy,nr  was  created  mxrfertrbly  at  a defect  in  t ire  adlresive 
layer.  In  this  cast'*  the  silver  is  not  a preferential  };atlr  Lx'cause  it  is  cc*ii- 
pletely  insulatotl  by  a noir-coi'rductive  layer  on  eittrei'  side. 


Sumraiy 

/ j ~ After  irradiation  at  DKRTS*  the  silver  layer  was  seen  to  Ix'  dtrmaqoil 
(edges  and  micro  sjxrts) . 


There  was  little  or  no  dc^x^sit  of  silica  on  the  fror.t  layer. 

- Hre  detiradations  of  the  silvercxl  layer  are  snvrl  1 itr  arva  anti  vit  this 
|X>iirt  cannot  chiurge  sislnificairtly  the  theniKi-opt  ical  proix'ii  ies  c'f  tire  0>SR 
but  they  vxuild  Ix'  cumulative  during  life. 

- As  previously  obseivtxl*  cracks  in  lire  (TSR  are  pix'fereirt  ial  areas  of 
degradation  and  shall  not  Ix'  tolerated  in  sj.\rt.\'cnrft  design. 


INTERMEDIATE  REVIEW 


With  tire  intixxluc'tion  of  a now  dinx'nsioir  duo  to  the  non-cxxrduct  ive 
Ixic-klaycr  ol  Uu-  oa,l  OSR's,  tlv  nw  of  of  stsIo..if  Ix.s  Ixvn 

exlendixl  to  four  t^fK's  (six'  Fiiiuro  17). 


a) 

OSR 

lu'ir-oonduct  i\'e  front  hiyei- 
non-ix'irduct  ive  Lxrck  Ixryei^ 

— non  i.xxrduct  ive  ailhesivt' 

b) 

OSR 

non-conduct ive  front  layer 
non-ixiiKliK't  ivt'  Ixick  layer 

- cxxxluc't  ive  irdlresiv'e 

c) 

(TSR 

condui'tive  fumt  hiyi'r 
ixmduct  ive  Ixick  Kiyer 

- ix'nduct  i\’i'  xxlhosivi' 

d) 

OSR 

non-cxrndiK't  ive  front  layer 
ixxuluct  ive  Uick  hiyer 

- ccxiduct  ive  adhesive 

sNsTiri  (c)  : - inrni  sini’.q  (\wuc*riVK  osr  - ti'iNixiiTivr:  adiiis>ivi: 

(no  int l'^\^'nnt'cl  ion  on  Uu'  trout  I'aiv) 


Test  SojTple 

A third  test  W.IS  |XM  foimvl  ,>n  4 m:  tVR's  with  the  OMutuct  ivv  .ulhi'sivi' 

de..  rilx'il  in  the  previous 

iiulium-oxule  which  is  a coikUicI  ive  nxxliiun.  MoiiH»vei  * tiu'  rear  side  ol  the 
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PPE  OSR  is  not  coated  with  a non-conduct Ive  layer. 


of  4o'^ ?a?“  ™ ^ ■"Irror 
the  substrate  Were  again  65  x 65  im,  ' diiflensions  of 


Test  Conditions 

«2,  fro™  20  Kev  up  to  30  Kev‘SrrSrS?%*\?Lf 


Test  Results 


Table^li!*^'^  results  of  the  test  on  the  OSR  panel  is  given  in 


leakage  current.  ^^SschLgi^re^tLS^bel^  ^ *^igh 

30  KeV  energy.  ^-"^es  were  noticed  bela^  incident  electrons  of 

Whon  th©  flux  W3S  incir©asfv^  t-r>  o nn  /.  ,...2  . 

at  the  beginning  of  the  irradiaticMi  discharges  appeared 

diation.  iiraaiation,  but  their  number  decreased  during  irra- 


at  the  start'of^iSadiation?^'£t  after^l^'lh^^  ^ number  of  small  discharges 
fluorescence  effect  was  observed  on  disappeared.  A 

this  effect  disappeared  as  soon  as  the  electron  bla^ 


Investigation  into  Degradation  Effects 

using  the  sa^^techni^^L^fore'with'^t^  the  surfaces  of  the  OSR, 

dation  was  observed  either  as  oio-ierfinn  niicroscope.  No  degra- 

layer.  The  cracks  whiS^  bLn'SS  ^ ^ 

no  degradation  effects.  before  the  irradiaticai  test  Showed 


The  cxDnductive  backside  of  the  PPE  nsR  hkr^innc^  , 

layer  does  not  not  accumulate  chame  fho 

same  effect  for  the  top  layer.  ^ indium-oxide  achieves  the 


OSR 


non-corjductive  front  layer 
conductive  back  layer 


conductive  adhesive 


secoiid  test  with  the  ^an  expected.  As  was  indicated  fcy  the 
gradation  occirnpd  In^  t*»  ™«t  sever^do- 
tivo  layer  on  f non-condul- 
OSR  s which  liauc  a conductive  bickslde.  ^ ^ 
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CX3NCLUS10N 


4--  ^‘^  contradiction,  a non-conductive  OSR  with  a conductive  or  non-oorv^n/> 

accumulate  to  hazardous" 

backside  of  the  OCLI  OSR  causes  de- 

aSsiiS.  silver  layer  in  combination  with  a conductive 

with  ®J®^^^ostatic  charging  advantages  of  the  conductive  OSR 

uiSrStf^^^  aohesive,  the  application  and  financial  aspects  should  notate 

combination  with  a conductive  adhesiveV  iuteroonneJSno 

^ fragile  and  tend  to  break  easily.  In  the  oast 
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FIG.4B  CASE  B 


OSR  270 


[ gr?  y / / / A 


Y7J'/I//A- 


cmrs 


St! 


* ASSUMED 


NATURE 

APPROX 
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FIG  5 NON -CONDUCTIVE  OSR- 

NON- CONDUCTIVE  ADHESIVE 


F1G.15  OEFECI  IN  PREVIOUSLY  CRACKED  OSR 
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ABSTRACT 


A heuristic  model  is  presented  to  explain  the  blowoff  of  charge  during  an 
electron-induced  dielectric  discharge.  It  is  proposed  that  blowoff  of  charge  is 
not  an  independent  breakdown  mechanism  but  is  a consequence  of  a breakdown 
initiated  by  a punchthrough  or  a flashover.  As  the  trapped  charge  funnels  toward 
the  punchthrough  or  flashover  point,  the  ^ x B force  on  the  moving  electrons  and 
the  local  electric  field  between  the  trapped  charge  and  the  free  surface  of  the 
dielectric  force  electrons  outward.  Part  of  the  moving  charge  goes  directly  to 
the  substrate  but  the  remainder  breaks  through  the  surface  of  the  dielectric  near 
the  breakdown  point,  which  is  weakened  by  i2r  heating,  and  escapes  from  the 
dielectric.  The  discharge  time  is  assumed  to  be  governed  by  an  LC  time  constant 
where  L is  the  inductance  of  the  electrons  flowing  in  the  branches  of  the 
Lichtenberg  figures  at  an  electron  range  below  the  irradiated  surface  and  C is 
the  capacitance  between  the  trapped  electrons  and  the  substrate  for  the  discharged 
area.  Experiments  are  proposed  to  verify  that  blowoff  is  a consequence  of  punch- 
through  or  flashover  and  to  test  the  assumed  relation  for  the  discharge  time. 


INTRODUCTION 


During  the  discharge  of  a thin  dielectric  over  a grounded  conducting  sub- 
strate, it  has  been  noted  that  the  current  through  the  ground  lead  during  the 
discharge  corresponds  to  electrons  flowing  from  ground  to  the  substrate  (ref- 
erences 1,2,3  4,5).  This  sign  of  the  return  current  is  consistent  with  electrons 
being  blown  off  the  dielectric  surface  during  the  discharge.  This  ouKvard  emis- 
sion  ot  electrons,  and  possibly  even  ions,  during  discharges  has  also  been 
observed  directly  (references  2,5).  The  amount  of  charge  that  is  emitted  out- 
ward in  a typical  discharge  has  been  measured  to  be  about  50  percent  of  the 
trapped  charge  that  is  lost  in  the  discharge,  as  measured  by  the  change  in  the 
surface  potential  (references  1,5).  The  experimental  evidence  also  indicates 
that  breakdowns  appear  to  start  at  localized  points  on  the  dielectric,  and  the 
trapped  charge  at  an  electron  range  below  the  irradiated  surface  flows  toward 
the  breakdown  point  in  Lichtenberg  trees  that  form  in  the  plane  of  the  trapped 
charge  (reference  5).  *' 


In  order  to  understand  the  existing  data,  to  plan  additional  logical  experi 
ments,  and  to  make  reasonable  predictions  of  the  coupling  of  discharges  into 

Work  sponsored  by  Defense  Nuclear  Agency  and  Space  and  Missile  .Systems 
Organ izat ion . 
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J>schars„  process.  Sok  of  the  foaturorthot T ^ .iccrato  moJol  of  the 

t.on  spreading,  and  quenching  ShanJsmrt; 

Charge  released,  pulse  width  and  L!J  current  distribution; 

determining  the  details  of  thJ  f^“"‘harics  in 

model  the  breakdown  process  fcr^s^acecrafrcLr*^^^'’^  attempts  to 

Spacecraft  Charging  ConferonrP  k ” charging  conditions.  At  a previous 

charge  during  a^difchajge  ^hich  r^  “'’oTsT'k"*?''  ^ fo--  ‘ho  hlowott  of 

trapped  electrons  and  tL  surface  of  ■ ‘"“ri"  "“‘O  '>ct«ocn  the 

a thin  layer  of  positive  charge  due  to  thf>  which  was  assumed  to  have 

s.on  (reference  4).  UnfortSnfte-r  thi^lS^f  secondary  emis- 

does  not  seem  to  be  consistent  w ih  thf^  ni  ^ ^ basically  one-dimensional  and 

breakdown  process  involves  charge  funnelin^r ^he 
recently  Sellen  and  Inouye  havf  propose^f  ischarge  point.  More 

propagation  of  a dielectric  Surfacrdischar.rh^"a"'"  initiation  and 

electron  multip?  cation  L thr«  °?  P^°P^8ating  surface 
(reference  6).  Other  attempts  to  surface  of  the  dielectric 

fitting  of  experiLit^/^^‘^?‘^'^^®  parameters  have 
v^idths  versus  di.scharge  area  (reference  7r  Whn®^  currents  and  pulse 
on  engineering  applications  rh^i  such  empirical  relations  can 

on  the  basic  physical  process^  in  thf  Jisch.rJ7  ‘7^"^  information 

errors  if  extrapolations  are  attempted  wel  h?  serious 

parameters  and/or  if  data  from  differenf  p /end  the  range  of  the  experimental 
are  mdiscriminant ly  mixed  togethe^.  experimental  conditions  or  materials 

the  inuIaUr::d"\L%";e:d?n^^  mechanisms  for 

maximum  charge  release  per  unit  arc-i  hlowoff  of  charge,  the 

sample  area  and  thickneL"  ?t  dLTAo,  P'"*"  width  with 

of  sample  boundaries  or  the  discharvp  miPn  specific  details  on  the  effects 

It  probably  contains  the  ingredient.s  for  thp^"^  (area  limiting)  mechanisms,  but 
basic  physical  parameters  could  be  accuratelv^rr'^^™^*^V’^  mechanism  if  the 
proposed  which  would  verify  thit  hlowp^n  • ^ determined,  l-xperitnents  are 

tlashover  and  uhich  would  L sLre  thTm  nrf’tr  °f  punchthrough  or 

discharge  time  with  the  sampiToL  ?hlS  -f 

PROPOSnn  MODI'L 

penden?  breakdoU'^echa^^  three  different  inde- 

and  blowoff.  The  main  thrust  of  the  present  - " [“"^bthrough,  fla.shover. 

independent  breakdown  mechani.sm  but  is  i coLo  ^ blowoff  is  not  an 

initiated  either  by  a punchthrouch  or \ n i ‘‘  breakdown  that  is 

breakdowns  on  thin  dicLctrics  wi^h  coml  ictlnT‘''’'h  proposed  that  all 

by  punchthrough  of  the  trapped  cl^ctron.s  thJom.h  ^"ttiated  either 

by  flashover  of  tlie  trapped  electrons  to  i con  in  ^ dielectric  or 

boundaries  of  the  dielectric.  ^ eomlucting  contact  on  or  near  the 
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When  a punchthrough  or  flashovet  process  is  initiated  the  hieh  enn 
ductivity  region  near  the  breakdown  point  causes  the  ground  botentlai  of'tiitt 

to  a local  Join,  la  thi  JLf " ofa«La 

cau.ses  a large  electric  field  in  thc'plane  o?  e e«i:„rij  cHulls 

the  trapped  electrons  from  their  traps.  These  previously  traooed  electron?  “ 
than  flo»  a the  trapplag  plaac  .owa?d  the  btealSo™  po  Ihe  «sSae 

area  spreads  out  as  more  aad  more  of  the  trapped  charge  mows  torart  thfdif! 
charge  point.  The  exact  mechanism  for  spreading  of  the  discharge  area  is  not 
c ut  perhaps  the  position  of  the  ground  potential  moves  outward  from  the 

fh°:;'ai^  ‘S.?‘?“pp1d!''°  aL“‘re^rtJ^' 

« the  Lbstrate.  sLuse  the  sSerof 
caiiitoc  thin,  this  initial  flow  of  charge  directly  to  the  substrate 

current  in  the  ground  lead.  As  the  electrons  in  the 
positive  image  charges  in  the  substrate  move  toward  the 
?u!  5^  V ? magnetic  field  is  created  between  the  moving  electrons  in 

the  dielectric  and  the  substrate.  The  resulting  v x ^ force  on  the  electrons 

electrons  toward  the  surface  of  the  dielectric 

i^  fiju?rr  and  during  a bulk  punchthrough  is  illustrated 

tigure  1.  Th6  magnitude  of  the  v x B force  in  a typical  discharfie  can  be 
estimated  by  the  following  calculation.  Assume  that  a uniformly  charged 

IhZ  thl  the  radius  of  10  cm  breaks  down  at  the  cenLr  of  the  sample 

\t/^Z  lu^  trapped  charge  has  a density  of  a = 2 x 10*7  coul/cm^.  (E  = 2 x 10° 

V/cm  through  the  sample,  which  is  typical  of  the  breakdown  strength  of  space- 
craft dielectrics.)  If  the  total  trapped  charge  (Q  = irr^a  = 628 TlO-7  SS)  is 
released  in  10  ns,  the  peak  current  is  about  I = 6280  A.  At  a distance  of  0 1 cm 
from  the  punchthrough  point,  the  magnetic  field  due  to  the  current  I is 


H = 


2tt  (0.001  m) 


= 10°  A/m 


y = 10  cm/10  ns  = 10^  cm/sec,  the  equivalent 
electric  field  due  to  the  v x B force  is  ^ 

E = V X H = 47t  x 10'^(h/m)(loVsec)(10^  A/tn)(10'^  m/cm) 

= 1.2  X 10^  V/cm 

trie  III?  trapped  charge  to  the  surface  of  the  dielec- 

Eh?  the  Meulenberg  effect  also  forces  the  electrons  toward  the  surface 
7^^  magnitude  of  this  field  has  not  been  measured  and  its 
theoretical  magnitude  is  uncertain  due  to  uncertainties  in  the  amount  of 

conductivity.  In  the  region  of  the  breakdown,  the  high  cur- 
.ent  density^inc^eases  the  I2r  heating  and  weakens  the  dielectric  sufficiently 
the^il?fi/^h  ? force,  which  is  maximum  close  to  the  punchthrough  point,  and 
electric  field  can  force  some  of  the  electrons  tht-ough  the  sur- 
ace  of  the  dielectric.  Once  the  electrons  break  through  the  surface,  the 
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net  result  is  blowoff  of  electrons  shortiv^Jft^-  dielectric.  The 

through  or  flashover  breakdown.  This  initiation  of  the  punch- 

©qual  return  current  In  the°g?;und*’lLd^°i'n^Lnf,.‘'*'r!®®  approximately 

current  due  to  the  direct  puShroUfih  or  *»egligible  return 

amount  of  charge  tliat  can  be  relLsef  i^o^i  maximum 

required  to  produce  the  initial  breakdown  field  amount  of  charge 

breakdown  strength  of  the  material  or  th^  fJaJ^Av  determined  by  the 

dependent.  flashover  voltage,  which  is  geometry 

by  l'J:  «TJnr  r “■=  - sovemed 

the  Lichtenberg  figures  in  the  plane  of  electrons  flowing  in 

down  point  and  C is  the  capacitLce  between  electrons  toward  the  break- 

strate  for  the  discharge  area  A.  The  trapped  electrons  and  the  sub- 
estimated to  be  considerably  larger  than  the  fndf  Lichtenberg  trees  is 

charge  moving  toward  one  punchthro^gj  p^inj  Sinef?"-  ^ 

L probably  varies  as  a power  of  A less^Jhan’n  f fv  Proportional  to  A,  and 
should  go  as  A to  a powL  somewhat  g^e^te^thA^n  5®  ‘^“‘'harge  pulse  width 
inversely  on  the  thickness  of  a dieUctlll  aJrL  ^ ‘^^P^^ds 

dence  on  the  distance  from  the  Lie»^nhli^  f ^ ^ ^ ^ ® logarithmic  depen- 

strate.  the  discharge  p^?L  wtdf  ^ouJd  J ^'“®®"  i"  the  sub- 

thickness  to  the  power^(-O.S).  * ^ approximately  as  the  dielectric 

POSSIBLE  VERIFICATION  EXPERIMENTS 

no.  d^onstme  whether  or 

provide  repeatable  data  to  verify  the  variLJo^^Ilr®”®^  flashover  and  also 
and  thickness.  The  experimental  setup  is  illustrated ^^®  sample  area 

dielectric  with  a grounded  conducting  siLJJitf  i"  figure  2.  A thin 
charge  expriments  with  low  energy  electroL  '"°®t  dis- 

surface  charging  component  of  the  space  electron  ®^  ’ typifies  the 

sample  would  be  shielded  to  prevenfedL  brea^^  The  edges  of  the 

e rastered  to  cover  only  the  central  nnrt • own  or  the  electron  beam  could 
between  the  present  and  previous  discharee^eyn®  The  difference 

the  substrate  is  removed  and  rconductLf stv?.®  ®"^"  ^ of 

the  backside  of  the  dielectric  through  inserted  a slight  ways  into 

The  stylus  is  connected  to  the  substrate  by^a^lead®w®tw*'®- ^”***^*^°^®  removed. 

IS  instrumented  to  measure  transient  currents  TM^f  TI!'""""  that 

be  remotely  controlled.  ® ^®^d  has  a switch  that  can 

would^\^^ro:L^!\n7th?:;:;ie‘^:u  the  substrate 

spontaneous  breakdown  occurred.  Presumabirth  electrons  until  t 

through  from  the  trapped  electrons  tr^bo^/^  breakdown  would  be  a punch- 
fields  around  the  point  of  the  stvlns  wb  ^o  the  enhanced  electric 

that  the  threshold  potenHa  fortMs  breW^'  recogniLd 

through  discharge  is  initiated^  it  is  fel  t \h^t  t'r  once  the  punch- 

should  be  similar  with  and  without  the  slwJs  discharge 

tne  stylus.  In  this  experiment,  the  punch- 
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through  current  time  history  will  bo  measured  directly  through  the  stylus  lead. 
Also,  the  occurrence  of  blowoff  can  be  inferred  from  the  current  through  the 

mt-asurements  with  one  or  more  fast  Taraday  cups  and 
possibly  a charpd  particle  analyser.  If  the  present  nuidel  is  corrmTa  How- 

° i-hould  occur  more-or-loss  simultaneously  with  the  measured  punch^ 

through.  The  sum.  of  the  punchthrough  charge  and  the  blowoff  charge  (a.?  me.isurcd 
most  accurately  by  the  current  through  the  ground  lead)  .should  agree  with  the 

totf.l  charge  lost  in  the  discharge,  as  measured  by  the  change  in  the  sample 
survace  potential.  * 

bven  it  a blowott  of  charge  is  observed  with  every  punchthrough,  it  could 
be  argued  that  this  was  just  coincidence  and  that  blowoff  was  still  an  indepen- 
dent discharge  mechanism.  To  investigate  this  possibility  further,  the  cxneri- 
ments  wouid  be  repeated,  except  that  the  switch  from  the  stylus  to  the  subUrate 
would  be  open  while  the  sample  was  irradiated  to  a slightly  larger  fluence  than 
was  required  above  to  cause  discharge  with  the  switch  closed  during  the  ir- 
radiation.  Since  electric  field  line.s  do  not  concentrate  around  the  stylus 
with  the  switch  open,  the  s^ple  will  presumably  not  break  down  by  punchthrough 
at  this  fluence  with  the  switch  open.  Also,  presumably  a blowoff  discharge  will 
not  occur.  IVhen  the  desired  fluence  has  been  delivered  to  the  sample,  the 
electron  beam  would  be  turned  off  and  then  the  switch  from  the  stylus  would  be 
closed.  If  the  deposited  fluence  was  somewhat  greater  than  the  fuence  which 
caused  a punchthrough  with  the  stylus  closed  during  the  irradiation,  closina 
the  switch  should  induce  a punchthrough.  Also,  if  the  present  model  is  correct, 
a blowotf  ot  charge  should  also  occur  almost  simultaneously  with  the  punch- 

sequence  of  events  would  demonstrate  conclusively  that  the  blow- 
off  follo.vcd  as  a re.sult  of  the  punchthrough.  It  would  al.so  show  that  the 
electron  plasma  from  the  electron  gun  and  the  secondary  emission  was  not  es- 
sential to  a blowolf  discharge.  Experiments  of  this  kind  are  presently  being 
designed,  but  results  are  not  available  as  yet. 

pother  advantage  of  the  stylus-stimulated  discharges  is  that  it  should  be 
possible  to  obtain  more  consistent  and  repeatable  data  and  thus  to  determine 
more  accurately  the  variation  of  discharge  time  and  peak  current  with  sample 
parametep,  .such  as  area  and  thickness.  In  these  experiments,  the  location  of 
the  discharge  point  will  be  controlled  relative  to  the  nearest  boundaries  of 
the  sample.  Without  the  stylus,  the  discharges  can  occur  randomly  over  the 
surtacc  of  the  sample,  depending  on  where  the  discharge  channels  arc  initi.atcd 
so  the  distance  to  the  sample  edges  will  vary  from  discharge  to  discharge 
which  could  -loticcably  affect  the  discharge  characteristics.  In  order  to’check 
the  predicted  f-0.5)  power  dependence  of  di.schargc  time  on  sample  thickness,  one 
has  to  he  able  to  distingui.sh  factors-of-2  differences  in  discharge  time  for  a 
realistic  four-fold  variation  in  s.nmple  thickness. 

Another  prediction  of  the  model  is  that  the  ratio  of  blowoff  charge  to 
total  I'harg  - lost  during  a discharge  could  vary  with  the  energy  of  the  electron 
, would  occur  if  the  probability  that  the  total  forentz  force 
e(l.  4 V x B)ean  force  the  electrons  through  the  surface  depends  on  the  depth  of 
the  trapped  electrons  below  the  surface.  Eor  example,  for  higher  energy 
elect ron.s  which  are  trapped  closer  to  the  substrate  th;in  the  irradiated  surf, ice, 
most  of  the  discharge  would  prol.ahly  go  directly  to  tho  sub.stiate  and  verv 
little  wouM  he  blown  off.  Siiue  the  return  charge  from  ground  is  essentially 
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proportional  to  the  blnw^tri?  u 

ronff^om  “"''  discharges  is  that  the  '.rrae" 

rent  from  ground,  »hich  Is  the  bssirr  ^;u  “‘dth  of  the  return  , m, 

£;»  £3S 

time  s^ou"trb^''eL'e;Many1ndeS 

ground-lead  currentrare  size.  iT 

Single  curve  thr^Jgh  sic'h'  a"  r o ^ts'^d^rh"”^'.  “ ”*"‘r.rJfng^7r:r:" 

time  vartes  significantly  uith  Srea  "'*  ■'hore'the  d.icharge 

SUMMARY 

lipS^Sp3==?£“ 

■jess  and  aVsi^Me'de'pe^^ce  “f  **"'  °"  '^'“sm:ple'’.:rl!7d7hl  d 

/ a result  of  punchthrough 
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Lorent:  force  on 
^Electr^ns 


FIGURE  1.  ILLUSTRATION  OF  BREAKDOWN  MECHANISM 


figure  ?.  EXPERIMENTAL  SETUP  I OR  STYLUS  - STIMULATED  DICHARGtS 
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PARAMTOD  DEPEUDEKCE  OP  EQUILIBRIUM  CHARGINO  POTERTIAIB 
Paul  K.  Suh  and  Michael  C.  Stauber 
Grumman  Aerospace  Corporation 


ABSTRACT 

INTRODUCTION. 

a deployaSe^^?LS^  low-deLitfconlS^^^ 

ing  various  light-weieht  material  Amr,r.o.  ‘“‘-^ucTiion  { lu  ->  g/cm-^),  emplo: 

aar  i„  s.e  <e.rr:er 

This  uncertairity  and  variauility  in  relevant  m*n-or.ioi 
oAmplicaU.^  factor  in  the  prediction  of  spacecraft  oSrSnl'e??^^  f"  “ 
energetic  substorm  environment,  and  providL  the  m^nn  f ? effects  for  an 

Namely,  the  intent  is  to  explore  the  colsequenwa  ?of  ti»’’«!“. ‘'°e  ‘“P’’’'' 

charging  potentials  of  svstematln  van’ attaa.ned  equilibrium 
lated  aua^*it^^^a  «o  !L5  ? ! variations  in  such  material  and  exposure  re- 

resistivity-dependent  bulk  leakage  current  Tha  ^ 

sj:t^^^itTori“:o^LraS^.s..::T^ 

tude  in  traversing  the  temperature  range  25  to  20QOc  ^ 

?he^I£riES1£^^ 

douhle  aided  exposure  to  the’pl~h^,\r-rr:J:h“^„e^1L:niLr'‘ 
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Plasiaa  exposure,  the  unoxpooed  .udo  i 

li  id  utuioMLiy  nt  ti  relereneo  potential.  The  ease,  where  the  shielded  side 
••  oru-'.  .<m  impressed  potential  gradient  and  floats  to  yield  a sen.  net  eurreiiL 
u tlie  .-xpesed  surlaee,  eorrespi.nds  to  tlie  inner  cover  slide  surface  of  ,i  solar 
and  IS  I'xanilned  in  a companion  paper  (Paper  HI-?,  this  eonferenee). 

a.  is  noted  that  the  shadowed  slab  side  exposed  to  a sul.stom  plasma  can 
• eve  I op  negative  potentials  (tens  of  kilovolts)  that  may  easily  exceed  the 

dm  leot.nc  breakdown  strength  of  thin  sheets  (see  Table  1).  The  analyses  seek 
. i!  adjustments  in  materials  parameters  that  may  present  such 

itv  In  analysis  approach  employed  has  limited  vaiid- 

in  paiUeuier  it  is  not  adequate  for  describing  conditions  near  spacecraft 

lca?t  "uff'^^"  consider  the  perturbation  of  particle  trajectories  that  muv 
V charging.  Nonetheless,  it  is  felt  that  these  shortoom- ‘ 

ir,.  . dv.  not  seriously  distort  the  influence  of  the  various  material  responses 
on  tne  cnai*ging  process  thao  is  explored  in  this  work. 

PLASMA  ORIGINATED  CURRENTS 

The  large  spacecraft  is  approximated  by  an  extended  slab,  and  a one-dimen- 
••iv'iiaj.  Maxwell  velocity  distribution 


mv  ^ 
2kT^ 


(i) 


is  ussiuiied  for  the  substorm  plasma  particles.  The  spacecraft  surface  potent  in 
iwodities  tlie  impinging  charged  particle  distribution. 

The  incident  plasma  electron  current  is  tuus  p.pproximated  (Ref.  1)  by 


exp(-  for  < 0 


“ V > 0 

c kT  s 


(P 


where  the  experimental  values  for  the  corresponding  to  W e will  be 

used.  Here,  = c | V,J  , and  N and  e are,  respectively,  the  electron  density 
and  chai'ge.  All  other  notations  follow  the  conventional  representation. 

_ The  exp.niential  geometric  pai'ameter  g ranges  from  0 for  the  flat  ceni'lgura. 
.-i>'n  discussed  in  this  paper  to  1 for  a spherical  configuration.  Pue  to  ihi' 
eomparativoly  large  IVbye  length  coupled  with  possible  e<itre  ei  'eels,  the  e’’fec- 
live  g may  have  a nonvunishlng  value.  Note,  however,  that  the  geometric  effect 
can  i!i  general,  bo  appreciable  when  |eV  |/kT  > ].  ^ 
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Kfi-  Mk-  Iiu'i.loui.  pirianui  proton  current  the  exper Imentui  vnJuf 

• >l‘  .'asl/'  O U:  !t.i.->pl.i‘<l.  Tlie  fiUf^nenteii  by  the  effect  of  its  stvoiKlmy  --•.lecl.roii 

‘■'"■'■‘•III  'Y.;  " -'p  (whore  (fi  (ssL'.p  for  < 0)  can  become  the  dominant  ehaivvinr 

«*iirrfiil.  v.'li.-n  the  r.iu-raoe  potentiaJ  becomes  highly  neg -tive.  The  ofrect  <>f  Ujo 
fi  iliMit ini  pi'l'ij'ity  for  ■!  io  opposite  to  that  for  eloetronr.  nr.  ('i  von  in 

K-1.  ( ’).  P 

AJoptinf:  the  impact  yield  parameter  (Ref.  2)  for  electrontJ  of  enerf.v 
tnV"  . 

» =— , 


vS  = 


(l  + eV  ) exp 
1 s 


m 


P> 


+ eV 
I s 


m 


that  gives  the  maximum  yield  6^^  at  energy  the  secondary  electron  current  is 
approximated  by 


J = 2 J J F 

s 1 o 


kT 

where  J,  = 7.^*  6 expj 

1 ih  e 

m 


p(f!. 

Vt  c / 
m 


Vaiues  of  6 ^ ] and  t ^0.3  KeV  are  adopted  (Ref.  3)  and 
m m x'  V ^ / 


S V 7T 


F = 3!i"  erfc(yj  for  V < 0 

-Is 


- (3!i^  + ( 3y^)2!i*^  + (3y2)i  + y^)  > 0 


2) 

f2>  2 


I'.i  tW-  ^5 ' "1  ■ "2 

m 


The  backscatterod  electrons » on  the  other  hand,  constitute  the  high  ont-rgy 
poi’tion  of  the  scattered  electron  spectrum.  Since  available  data  here  ai*e  scan! 
t.lio  following  simple  approximation,  using  the  backscattering  yield  parnriotor  H, 
ad op tod: 


J 

bs 


(t) 

o 


for  V 

s 


< 0 


*=  fJ 
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4liui  oxpiVi.^,aloii  ..I’ten  poi’mltii  tjoparating  the 
y^>  d,  ►lo  t.JuiL  u atmi/'litiVirward  reasaesainoiit 
more  data  become  available. 


backseatterint':  effect  ..ut  in  the  anu 
01  itii  contribution  can  be  matte  an 


The  Leakat'e  current  is  approximated  by 


= av^/r 


(6) 


where  R = p4  with  p and 
the  edab  wLdth.  Cui*rents 
per  unit  aiva  (cm'  ). 


representing,  respectively  the  volume  resi.stivity  and 
Hs  well  as  all  associated  quantities  here  are  given 


liiOTOE’LECTRCS  YIELDS  IN  THE  SPACE  ENVIRONMENT 

Spaoeornrt  '’1'  spectrun,. 


N(E,  w)  = 

wJiere  fp  is  the  work  I'uncLioii. 
Here  h(w)  = ^ 


^^h((ii)  E 

1-exp  [ -h((t))(o)  - 


exp 


j-h(u))E‘"J 


2e;  (.) 


« with  the  approximation 


E^^(u))  = E 


r ^ ^ ^ )i 

i-  n=l  “ 


(Y) 


(P) 


f"r  tile  r«nge  >>f  Ji.'i 
repreoentn  Uie  energy 


''  m ^0  eV.  The 
K at.  which  N(E,  w)  peaks. 


towai’d  the  uppei*  u>  tiomain 


and 
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Vaiuon  for  and  derived  from  empirical  data,  uro 


Aluminium 

Steel 

NonmetaJ. 

"1 

2.8)1367  X 10"^ 

I.U5236  X 10"^ 

0.292lt31 

-1.1 27  82  X 10"^’ 

2.59762  X 10“-^ 

-8.82673  X lO”*" 

"3 

I.3235U  X 10”^ 

••l.lt5U28  X 10"^ 

6.29027  X 10"-^ 

^It 

-7.03183  X 10"^ 

3.56235  X 10”^ 

-1.59182  X 10“^^ 

\ (eV) 


The  photoelectron  yield  per  incident  photon  of  energy  w is  approximated  by 

It 


Y(tj)  = exp  { Z k (d”) 

n=0  ^ 


for  5 < (*)  < IT  eV 


(9) 


= 0.193 


for  (JL)  > 17  eV 


vhei'e 


k = 


^1  = 


^3  = 


2.U56  X 10 
IOU.388 
O.2767OT 


6 


P = 


k-2  = 


-2)49.87)4 
-7. 20837 


k,^  = -14.30132  X 10 


-3 


Since  the  shape  of  the  yields  is  similar  for  most  of  the  metal  as  well  as 
no^etal  cases,  as  discussed  above,  any  desired  adjustment  can  be  made  by  modi- 

yxng  parameter  k.  The  photoelectron  yield  energy  distribution  is  now 
determined  by 


7(E,  oj)  = Y(o))  N(E,(d) 


(iO) 


^ The  continuous  and  discrete  solar  photon  inte^isity  distributions  ( in  photons/ 
cm^sec'eV)  are  approximated  by 


^cont  ^ exp(-1.985  (•>)  f<>r  I4  < o ii  eV 


= 8 X 10^ 


(J-i) 

for  11  m < IS  ,>v 


^ilisc 


1.2  X 10^ 

^U 


= 2 X 10 


for  15  w < 30  eV 
at  u)  ;^lo.2  eV 


■'■He  t„t„,  p,.tclea™.  e„o.., 

Y(E)  - ^ r(/.i  ivr...  A m/«  \ _, 

•'  UP) 


w*  A ui*u it  in 

* / l(«)Y(u>)N(E»(ij) 

J £ *^  (^ 


When  t|,o  spacecraft  surface  potentiai  V la  po.,*,,  , 

ener«,  B > eV^  to  orerco*  the  poteutlaT  harrier  The'phTT“"“  “ 

•V  - e function  of  an.  ei.n  a cut-off  at  E « 30 

30 

eY(E)  dE 

(13) 


/ 


/eI(a)fU,  --‘■-f-H(eV,)^l-  expt-h(30.,)^| 


1 - expf-h(ot  - 4,)-'’ I 


clu) 


blu’wn  in  Fitr,  1 Tho  t • 

'•^if'idly  becomes  negiigible^as^L"^^^^^  <^^^nstant  up  to  1 eV,  beyond  which  it 

alteihle  a,s  the  positive  surface  potential  Increases  to  a feu 


modified  secondary  electron  yield 


i’imi  Jai- \o  the  case^of^nhob  electrons  by  electx\>n  bin} 

tr-1  K +i  ^ ^ P^iotoelectrons.  Thf^  , J bombardirient  is 

at'cnorfieJ  ■Te57rr*’o  "“H  »re  tha'n  eSs7f 

r*--  >h  a 


Therefore,  from  Eq.  (J|)  thp  frin,a  • 
the  oleofon-lnunced  secondary  electron™ynpecto»."‘"“''"'''  "'ioptod  for 


-1  ^ ' 
wlK'tv  bass  0.1  (oV)  and  c = k*p  t>.o 

'’■’'  l''Otlvc  surface  potential  V Is  secondary  electron  current  nodu 


'^es  ’ exp(-bK) 


liO 


. , , ■ ' •-  - ni.  me  inte/ 

>.v  positive  surface  potential  V is 

s 
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(I  '/  h ■ ” >• 


X «<. 


i<9 


■•  It 


■\  u.  vj  « 2. 


e 

hV  / 

/ ev 


whore,  boeauno  of  br  >>  1 , 


3 exp(-bE)iii^:  «B  J j 

o see  ' ^ 


J 

sec  ^ 


2J  F(1  + beV  ) exp(-beV  ) 

S g ' 

SURFACE  POTENTIAL  IN  THE  DARK 


Whileltf  iZei'»urL^i:  Staged  tt  Jl!"  "“f 

poaad  surface  in  the  dark  becomes  neitively 

balanced  by  iS*tbxvej.y  cnarged,  with  currents  being 


■'e  - ■'p  * Jes  * Jb,  - Jp3  e J, 

Here,  us  moiiifio.i  by  the  equilibrium  surface  potential  V 

s * 


(16) 


J 

e 

' jp  '*1  [ 

; ^1 
kT  J 

(electron  eiu’rent ) 

J 

P 

e|v  ;t 

+ -1_L.  g 

kT  J 

(proton  current) 

bs 

= 6 wT 

e 

( backscattet’i current ) 

J 

es 

= J J 
so  e 

(electron- 

-induced  secondary  electron  current) 

= 


J = d»  j 
Ps  ^ p 


( leakage  current ) 

(proton-induced  secondary  electron  current) 


where 


= T.) 

bO 


is  adopted  for  V <0. 


3!i^erfc 
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Observation  indicates  that,  while  the  energies  of  the  substorin  plasma 
particles  are  higher  than  in  quiet  prrioda,  their  currents  are  reduced.  The 

2 

substorm  electron  current  (in  nA/cm  ) ai«pted  in  the  analysis  is  approximated 
(Ref.  6)  by 

*^0  “ ^ ^n  for  2 < E ^12  KeV 


= 0.5 


(17) 

for  12  Kev  < e 


where 


2.30725 

-2.34739  X 10’^,  Aj 
-7.26494  X 10~^,  e = 


»=  -0.255535 

= 1.79609  X 10”^ 

kT 


Eq.  (16)  gives 


8 = 1 - j 


so 


[ 


e|v  I 

5*(1  + 

kT 


1 |V 

a 


exp(- 


e|V  J 


kT 


(18) 


where  = 5(1  + (ji).  In  Fig.  3 A and  B,  respectively  for  the  cases  of  g = 0 

and  1,  V is  shown  as  function  of  surface  potential  6 at  various  values  of 
s 

electron  temperature  e = kT  and  resistance  R. 


At  g = 0,  with  a backscattering  parameter  6 = 0.2,  for  example  V (-55, 

5 

-36,  -14,  -2)  KV  at  E = 25  KeV,  and  w (-17,  -13,  -7,  -1.2)  KV  at  e = 10  KeV, 

respectively  for  R = (»,  10^^,  lO'^^,  10^^)  0.  The  corresponding  surface 

potentials  V at  g = 1 with  the  same  backscattering  parameter  8 = 0.2  are  V 
s s 

= (-33,  -27,  -13,  -2)  KV  at  E = 25  KeV  and  Vg  = (-10,  -9,  -6,  -l)  KV  at  e 
= 10  KeV,  respectively,  for  R = (»,  10^^,  10l4,  10^^)  «. 


At  high  values  of  R,  there  is  a large  difference  in  V between  the  cases 

s 

g = 0 and  1,  indicating  the  possible  extent  of  the  geometric  dependence  of  V . 

s 

For  the  case  of  g = ig,  the  corresponding  V lies  close  to  the  midpoint  between 

the  values  for  g = 0 and  1.  The  high  ener^  tail  in  the  plasma  electron  dis- 
tribution helps  at  high  R values  to  support  surface  voltages  considerably  higher 
than  the  incident  electron  tempera'*  'e  (especially  in  the  g = 0 case). 


= 


The  reiatlve  magnitude  of  the  various  currents  (in  unit  of  ,i  i o 
pu  T o«,p«ro.,  i„  Pi,,.';,, 

? fphrinuuu;  iLLincl  ^ at  ^ 

oLllv  a,  , - ,1  jp  «<i  Jpp  Loopmp  Inoreaptnrly  i.,p„rta„t  (appa- 

oiaUy  at  g - 1),  eventuaUy  overtaking  the  other  I 

i ' 


yields 


The  equilibrium  reached  at  j;.) . = i for  R = (io^'‘  i(v''5> 

*'i  ' *'  ♦ it)  ) u,  respectively, 

kS 


Vg  = (-8.6,  -15.5)  KV  for  g = i 

~ ( ~9 • r » -22 ) KV  for  g = o 

showing  an  appreciable  dependence  of  V on  r 0,..^ 
f ,,  . . s ^ strong  dependence 

3 n e resistivity  is  quite  significant  In  view  of  the  fact  that  B Is  a 

undergo  large  varlations!"'*'^**^'*''*  **'‘=  anffane  temperature  can 

Also  the  equilibrium  surface  pciential  V^,  if  n appears  across  a thin  but 

ntngtsIS™  “-I-*--' 

a conductor,  the  leakage  current  depressed  th^Ltf  tt^! 

Introducing  a multiplier  I fo  ■ the  plasma  electron  current 
J = I J 


o 

the  effect  of  current  variation  on  V at  R = 10 
case  of  g = 0 ^ ^ 

important  at  high  energies. 


( 19) 


a is  shown  in  Fig.  5 for  the 
■h  I - “Oil  »ut  becomes 


SPACECRAFT  POTENTIAL  IN  THE  SUN 

illumLte^lde,''ihll^tSe\hMowL'^  ^un 

potential  zero.  The  effective  solar  into  und  held  at  a reference 

angle  6.  causing  at  a function  of  the  sun 

the  dari  dlscrsed  p^vfou^i;  ^ fase  of  spacecraft  in 

aumciently  strong  that  the  ;urface' potSrL.v\:"mi  ^sJSvI?'’’ 

trappSVThrpoStitrjotentir;'h!S  pL";;"!';";  :nr'“' 

tire  currents  ther  requires  a knowledge  ofl!h‘;.;c1r:‘::::‘:;:, 
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OUtGINAL  PM  B 

Of  POfm  quauty 


- J 

pe  ‘'bs 


0,  yioliUnf; 


!'a  I - .1  - ff«  A + Ijjl f 1 |v  I /®l'^..l  \ 

I ( — if- 7; 

l"‘f  --  0,  Kq.  (;:o)  j.,  reduoea,  with  ?.;  = l - ,r  _ r* 

SO  ' ’ 

‘ ■ (•  -f=)  ■ • 

o 

rr'”"*'  " * * V'’«'  ^ “ ■■»••  V.  f 0.  Bine,  the  t (ehewn  in  Fig.  7) 

iiH«  pemietit  (>,  f-  and  R,  Eq.  (21)  itsel  1*  is  independent  of  g and  3. 

L«oksoart«-Ing  6 "=  ‘ “o 

^-5^*  at  e = KeV 
$0.P9  at  e = 10  KeV 

‘Ue  itqiuied  lvir  0.  With  subst.dm  ourrents  S;0.5  and  0.58  nA/cm^, 
reapeftivo !y,  at  c = 25  and  10  KeV, 

'■  ’lA/om"  at  t:  = 25  KeV 

‘7 

'■  O.l'f’  nA/cm‘'^  at  e = 10  KeV 
tf  chaive  tlie  spacecraft  surface  positive. 

f.iioe  of  V^  0,  the  equi  librium  surface  potential  V_  at  R = LO^^  W 
IS  plotted  in  Figs.  8a  n„d  B as  a funetlon  of  backseattertng  .yield  B for  r = 25 
snd  1:.  KeV,  i.,  ,1^^.  (1„  „A/e„f  at  = 0).  The  solid  lines  here  are  for 

the  sni, Sturm  currents  ,T^,  „r  E.,.  d"),  while  the  dashed  lines  are  for  the  duuhled 

subs term  current  2J^  case  free  Kq.  (q)J. 

^ appreciable  shift  in  the  H - V^  curves  in  .qoin,' 

~ ^ ~ ^ a sphere  to  an  infinite  plane),  botli  at  c = 2S 

h.o  (Fig.  iv»  and  ir,  KeV  (Pig.  IIB).  At  t<  3 KeV  f,.,.  n . 10''’  «,  as  well  as  ~t 
H~id  for  all  eleed,,-„n  temperatures,  however,  the  shin  gone, -ally  boeomes 


For 


"*  aurfaoe  potontial  V reaclilv  + 

'•■■■■  ■>  .^ivon  „,  ^ ‘"™=  Po.HU,. 

'«  . l.-<  ,'o.ioco„.  P„,,  „„„,j  , ■ J":‘P  "<•  V,  rraduaay  b«o„,„e, 


■*  >ox  to„thd  „,•  „v, ^ - ••  *’'<^'>-  AO  tocroooeo  beyond 

-'■veo  n.,i„ly  no, .oh  a plateau  ao  |v  ^ 

- runotloh  or"!  thlrdllloItT""  "" 

PnuJTTl  Z'T  ^ ‘ ^ =0  01  V .'^ 

e ^|Vg|/kT),  i.e.,  nA/cni“  la 


J j ” J.f  / J 
^ 1 e 


shown  in  Fi^rq  qa  . 

especially  at  B a’lo^^;";'  ZTZ^'"'  ““  »°te  t,,at 

equilibrium  [By  coincidence.  order  of  magnitude  near 


y ' j . 

ibe  shifts  in  j (ff)  and  1 ( \ . 

OOP  h.10^5  tzzz::\z  " ° 

- 0 caoc  ia  a., all  and  thua  l,„oned  i„  th:  11^:""""  ^ 

for  R>.,^  a o(lol7  a,, 

behavea  as  a perfect  insulator  (i.e.  n . "eel.glbi, 

toward  the  ec.uilibriu,,  v,,  and,  especiallv  ,'  ' "*e‘  ■**  ‘"“''eases  steeply 

even  at  relatively  hl«h  R.  For  K < odo?  i,rTl  "‘S"!*’*"™* 

as  a conductor.  ’ ' material  practically  behaves 

IVhen  V^  > 0,  while  the  nrimaev  v,i 

the  spacecraft,  the  emitted  elecL-ons  T'"''  'decelerated  toWoard 

--0  Of  the  ..o„  e„er,ty  of  t.:  Llnd:;^:^" 

the  various  cu, .rents  for  the  positive  V 1 ' " • ‘"o  ""Ibncin..  of 


+ Jo  - J - J . T 

' P ' *^bs  ~ "\,r,.  = 0 

n rM-1  . J T • . J ‘ ' 


becomes  delicate,  here  f T 

Ue,  and  ,i  correspo„;'[:r  ’(in  in  R„s.  ii.)  and 


ooJar  incidence  here  i •■  •..- . 

Vic  current  is  normall:-,ed  to  approxfmatX"-  pbotoelee- 

^ h.;i  ,A/em  a(.  r.ero 

.■uH.ice  potential 


:.,  rO-'  r.o.-f 


Reduction  ol‘  tlie  noiai-  intensity  with  an  increased  sun-angle  may  cause  the 
spacecralt  to  become  negatively  charged,  as  discussed  above.  Because  of 

|oVg|/kT«:i  here,  possible  geometric  effects  in  the  electron  attraction  to  the 
surfac-^*  a^’e  negltglblo. 

9 

For  R •■=  10  ij,  the  becomes  significant  and  increases  rapidly  with  V 
The  equilibrium  surface  potentials  are  thus  small  (V^  = 0.92  V and  0.8  V at 
KT  = 1^  KeV,  respectively,  for  the  I = 1 and  ? cases),  and,  in  approaching 
equilibrium,  tne  currents  other  than  are  nearly  constant. 

At  low  R,  the  thus  becomes  the  controlling  factor  in  the  determina- 
tion of  Vg.  The  effective  as  a function  of  e and  R are  shown  in  Fig.  10, 

again  with  3 = 0.2  and  = 0)  = I.5  nA/cm^  (the  solid  and  dotted  lines 

are,  respectively,  for  the  1=1  and  2). 

The  is  not  much  affected  by  the  variation  of  R from  10^^  to  10^^  Q. 
Below  10  fi,  however,  decreases  in  R give  rise  to  a progressively  stronger  re- 
duction in  the  effective  V^.  Note  also  that  as  expected,  the  V,  for  a given 
R is  a decreasing  function  of  average  plasma  electron  energy  e,  although  the 
dependence  is  relatively  weaJe. 

SPACECRAFT  TOTALLY  IMMERSED  IN  A SUBSTORM 

The  case  of  a slab  configuration  spacecraft  totally  immersed  n a sub- 
storm  environment  in  the  earth's  shadow  is  similar  to  that  of  a spacecraft 
slab  of  infinite  resistance  unilaterally  exposed  to  the  substorm  in  the  dark. 
With  sun  exposure  on  one  side  (see  Pig.  ll),  however,  a potential  difference 
develops  between  the  two  surfaces. 

If  the  incident  solar  intensity  is  weak,  due  to  a large  sun  angle  $,  the 
two  surface  potentials  V,^  and  remain  negative.  When  the  solar  exposure  be- 
comes sufficiently  strong,  the  illuminated  side  potential  turns  positive, 
while  tne  dark  side  potential  remains  negative  at  large  values  of  the  bulk 
resistance  K but.  eventually  may  turn  positive  for  small  R.  The  potential  dif- 
ference between  the  two  surfaces  itiduces  a leakage  current  J . 


(23) 


Mj  - 


n exp 


Pirat,  connider  the  eaae  of  by  writinR 

The  explicit  current  balance  equatlona  to  be  almultanoouoly  aoived  are 

'("s")  ■*■('•  3' ]•" 

^ ^ ^ ” *^so*  ~ S 'the  geometric  configuration 

parameter. 

For  the  case  of  = 0,  the  above  relations  are  simplified  to 


7 ' ■’o  ["  ^4-  ?)  - '"t  ^ 3'  ] 


M- 

‘V'c  'r  * - «•) 

R 


(25A) 

(25B) 


Bote  that  is  the  value  of  J needed  to  raise  the  surface  potential  V 

to  zero . 1 

The  is  determined  by  solving  Eq.  (25A)  as  function  of  e = kT,  and  the  re> 
suits  ;«-e  shown  in  Fig.  12  for  the  cases  of  various  values  of  R and  3 = 0.2. 

The  corresponding  critical  photoelectric  current  (j  is  in  turn  determined  by 
■q  i.5B)  as  shown  in  Pig.  13.  The  impact  of  the  geometric  parameter  variation 
from  = 1 to  0 is  generally  negligible  with  low  R but  becomes  noti cable  for 

R,i^l0  n as  shown  in  Fig  13  and  especially  in  Fig.  12. 

When  eM^/kT^l,  Eq.  (25A)  is  reduced  to 


M^«ss(n  - ^*) 


K*)/  -i— + e(n  + gC*)/kT  1 
RJ 

L o J 


(26) 
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M. , 


ftj  (||  r.  r*) 


whiM'o  M iir.w  b. 'C(ji(iofi  |ii‘o|i<ii*l,iijnaJ  l.o  1}, 


iP7) 


tuwu.r*"  V ’ ^ m,a  «pp,x>aoh.« 

„„,,l  ! vnnxtiiiea  rapMiy  ,u,  .,  ,|onrf<a:„>M  l,o- 

V/M.1/1I  (-.ov.  In  Ki.p  1 :•  i 'i  . 

■’  '■  |U;\-  to  Hi.f.foueli  r/i|,i,riy  a l imiting  vulu-' 

to  .icv,.ea.e  at.up.Ly  towa.U  KoV.  Thl.  characteristic  is  «x- 

with  Un)  i,.roport,.onaL  bo  n - r*  and  indenendent  of  R. 

AS  the  u..odiried  exceeds  the  sun  exposed  side  beco.es  positive. 

o.  energy  electrons  in  the  secondaz-y  and  particularly  In  the  zdzoto.iect^le 

tents  on  thzs  side  are  then  trapped  by  the  notential  barrier  as  discu^-^ed 
previously.  aioc.Uosed 

V/liile  V 


^ - V 


- 0,  tl,.-  Eqs.  (3I1)  a.-e  solved  ror  11, e iu,-face  Eulentiul  M 

d,o.  Us  eo  .,.espo„,ll„^  le.-diage  ei..,.e„t  .1,  = 


M. 


sun  exposed  slue  becomes  positively  charged  (i.e.,  V = .. 
shadowed  side  remain's  negatively  charged,  (l.e.,  = - M 
bpondin^;^  equatijns  becone 


while  the 
0) , the  eorre- 


M,  + M 

•t  c2  'S 

,r  J 

R r>o 

+ d + d + J 
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ell 

(,*  exp( =■  ) _ ( 

oM  1 

1 + -i 

;-kT 
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•M,^ 
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function  of  j (y  - o 

^^-tively.  for  t.e  en.ea  of  /!  1 !"  -' 

in  the  domain  of  = q)  where  V^  < o‘ 

The  effect  of  changing  the  geometric  Daramp+ 

P-ent  only  when  |eVJAT  is  comparatively  1""  ' ° """ 

note,  however,  that  as  V raoldlv  t,  °'®”  ‘‘‘^  "«“-es. 

o.  the  „e,atlve  V,  larged  the  re!uXtt“ 
tvo  eurfaoes  produces  a correspoadthgl,  J!,  LT 

tneu  negates  the  relative  importance  of  the  effector  Ir*"'”*  '^« 

- to  the  variation  in  g.  even  if  - ^ps 

For  J = 0 V - V 

-.ne  poten?L  o;  a^  LoL^el’dTVl  — <=--P°n^3  to  the  sur- 

posed  to  the  substonn  1„  the  dark  ll  spacecraft  slab  unilaterally  ex- 

A-  Se  increases,  V,  rises  rapidly  rbe^rnTprsuTve Tt Tl  T(' 

nnd  quickly  reaches  a plateau  value  of  a few  ! i*  = 

® 01- a few  to  several  volts. 

This  is  due  to  the  low  enerev  or  +>, 

Pncuse  the  leakage  nn-bnt7,""!Tiratll"nluT°‘"  ^ 

s-me  throughout  the  variation  of  J (v  ^ essentially  the 

turns  to  stabilise  at  a small  posiSve'vIlue.’ 

Wien  B Is  reduced  to  10^“  a,  because  of  the  large  leak 
increases  and  turns  positive  at  relatively  slower  raT  th  T ""“‘iS*’  'i 
Wule  keeps  increasing  and  may  change  L„T  V ",  " “ 

in  the  low  e domain.  ° ecome  positive,  especially 

For  a given  J (y  = o)  V 

decreasing  functiorof%,  vhileC!  } “ increasing  and 

a typical  substorm  environment  th  decreasing  functions  of  ,T  i„ 

- t < .3  Kev  and  Un  gr.’ , T/q^rr::  !7 

IS  restricted  to  a few  volts.  ' ' incursion  of  n„d  v 
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SJMMARY  AND  CONCLUSIONS 

of  ^•»^e*'chSS^procSrfL°dielw  to  describe  the  dependence 

characteristics.  This  was  done  with  the  in+^nf  ? the  various  material  response 
magnitudes  over  which  certain  materials  narfim*.+  ° sxhibiting  the  ranges  of 
influence  on  the  charging  process  S con?S3!®'’^®^^  ^ significant 

levels  attained.  For  this  nurnooa  f+  * weakljr  to  the  charging 

all  the  currents  involved  in  the  equilibration^of'^the°  analysis 

Where  possible  the  material  dependence  or^haL  charging  potential, 

ables  to  facilitate  parametric  excursLni  ?he  described  by  vari- 

yses  and  the  chief  conclusions  -1- 

parametri.c2!^^foJ  R>iSo  charging  potential  was  analyzed 

resistance  i an^-e  the  "leakage  current\eL^?^  that  for  the  lowest  part  of  this 
bration  process.  For  high  resi^ta^^^  ? a dominant  factor  In  the  equili- 
slab  in  a substonn  S!  ® dielectric 

this  case  the  otherwise  relativ^w  potential.  In 

secondary  electron  current  may  assume  ^ Plasma  proton  current  and  its 

growth  of  the  negative  pol.“Sa!!  Preventing  further 

equilibrium  potentials  on  dielectric  ririltitit?!.  <^®P®"dence  of 

resistivity  values  for  important  ® ’ variability  of 

charging  potentials  problematic.  Also  for^dl prediction  of 
thickness,  such  as  Kapton  she^^;,  tS  ^oSt^a!  ““‘^tlala  of  a feu  mils 

quently  sufficient  to  produce  di^Ltr^e  S ^^^^^erences  developed  are  fre- 
may  lead  to  progressive  changes  in  resistivityf^'^"  breakdown  in  turn 

For  a Sheet  of  oielectrlc  material  the  e,uilihrivm.  potential  V on  the 
sun-Ul^rnoted  side  tends  to  saturate  for  d ^^i  n^/am^.  ^ 

V is  " r “•  on 

a e range  0 - 0.5  nA/cm',  vhere  moves  from  large  negative  (kV)  val 

vLuti“^'  rf*'’'"  ■^“>‘0  hehavlor  is  Important  in  sun-angle' 

variations  and  terminator  crossings.  If  the  hulk  resistance  of  the  sheet  l! 

large,  the  si.ado.-ed  side  potential  settles  at  a large  negative  value,  however 
t^e!  l>oth  sides  may  hecome  posl- 

baokscatterlilg  yleldTshoJrthrfollowiS^  Send-"®IfTir  T 
nuenoe  of  d on  the  attalne^d  siSL  p"=IiT 
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Tabifl  1 Electrical  Chartctarirtiei  of  Seleeted  Dretoctrici 


■VOLUME  RESISTIVITV  (n-CHli 
I teflon  FEP  IqIE  (25.i75<>c) 

j 10«  (2B»C)  - 10«  (200"C) 

I bOROSiLICATE  GLASS  6-l0«  (26°C)  - B-t0»  (200“C) 
FUSED  SILICA  t0«  (2B"CJ  - B-lo’3  (2bfl»C) 

SODA  LIME  GLASS  iott,2B»C»  - B-lfl^  (200»C) 


D'ELfCTRiC  STRENGTH 
(VOLTS/MILI 

ft-IO®  (0.B  MlU  - 4-10®  (4  MIL) 

7-10®  (1  Mii.)  —4.6-10®  (3  MIL) 

1-10^-2-10* 

1-10*  - 2-10* 

f-lO*  - 2-tO* 
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1003-78/82-1 


Fig.  1 AttoflUation  <tf  Integrate  Photoelectric  Current  by 
Positive  Surface  Potential  Barrier 


(Vt) 


Fig.  2 Substcrm  Plasma  Generated  Charging  Currents 
Under  Eclipse  Conditions 
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Fig.3A  ^^4ctof  6acksc«ttarinoYiaMaMILMkttgo 
Curiaiits  ort  Equilibrium  Surfaca  Cha^ino 
Fotaritial  for  Irtfinita  Flat  iturfec*  iTypteal 
$ubstorm  Currants  in  Eolipsa) 
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Effact  of  iacksoattaring  Yiaid  and  Leakage 
Currants  ort  Equilibrium  Charging  Poten- 
tial fof  Spherical  Surface  (Typical  Substorm 
Currants  in  Edlpsa) 
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Fig.  4 Surface  Eotantial  Dependence  of  VarhNis 
Charging  Currents  in  the  Dark  (Relative 
to  je  - 1i  in  Approaeh  to  Equilibrium 
(R  = 1018  il.  itT  = 15  KaVI 
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Fig.  6 The  Equilibrium  Surface  Potential  Vs  as  Func- 
tion of  the  Bachscettering  Yield  0 for  Various 
Current  Multiplyer  I and  Efectron  Tempera- 
ture kT  (g  e 0 Casa  at  R ^ 10l8  ill 
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l^ig.  6 Plasma  Chargimj  Cumnt  and  Secondary 
Currents  on  a Sun-Illuminated  Surface  (2) 
(Interior  Surfai»  (II  at  Reference  Potential) 


FI®-  7 Effect  of  Combined  Backieattering/Photo- 
Electrie  Current  at  Zero  Surfatt  Potential  on 
Polarity  of  Equilibrium  Char®in®  Potential 
IS  - (0  + Jp^  (0)/J,  (0))  ^ 0 - V,  S 0) 


UPPER  RANGE  (a  0) 

lower  Range  (g  = d 


Fig.  8A  Surface  CHargtrtg  Potantlal  ai  Ftinction  of 
Backscettering  Yield  0 for  Various  J__ 

(V,  =>  0)  Values  Appropriate  to  LargSsun 
Angles  (kT  = 25  keV;  ft  = lO^S  H) 


Jeo 

— 2XJ^ 

UPPER  Range  <a  ° oi 
lower  Range  (g  ° ii 


Pig.  SB  Surface  Charing  Potential  as  Punction  of 
BacksMttering  Yield  0 for  Various  J 
(V,  » d)  Values  Appropriate  to  Lar(jSllun 
Angles  (kt  = 15  keV;  R = IfllB  il\ 
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9 = 0(1)  •INFINITE  FLAT 
(SPHERICAL)  SURFACE 

Vg  IKV) 

Fig.  9A  Surfaiie  Potentisi  Dependence  of  Various 
Charging  Currents  (Reiative  to  Jg  « 1)  in 
^prooch  to  Equilibrium  (R  = lolB  fl. 

nA/cm2)'^*'''  ^ ''P* 


Fig.  9B  SurfaM  Foteiitiai  Dependence  of  Various 
^rglng  Currents  (Relative  to  Jg  = 1)  in 
Approach  to  Equilibrium  (R  = 14J13  n- 


(VOLT) 


Fig.  Id  Positive  Surface  Potential  V,  As  Function 
of  Average  Plasma  Electron  Energy  kT  and 
Resistance  R.  (Jpg  (v,  ■ 0| « 15  nA/cm2) 
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KT  (KeVI 

Fig.  13  The  Critical  PhotoaleetHe  Currant  (Jna)e  foi 
Sun.illuminatad  SIda  Potential  V|  ■ 0,  n 
Function  of  Reiiitance  and  Eleetrdsi  ’ 
Tamperatura  (Backicattaring  Yields  “ 0.2) 
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Fig.  12  Shadowed  Side  Surface  Potential  V« 
for  Sun  llluminatad  Side  Potential  V, 

“ 0,  at  Functton  of  Resistance  and  Elec- 
tron temperature  (Backscattering 
Yield/}  = 0.2) 
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P»B.  14A  Equilibrium  Chargln|i  Potantiali  on  Slab 
lmmar$ed  In  Subatorm  EnWronmant  (One 

(Vs»O)(Ruto1Bn;po02j  '*• 


FIB.  146  Equilibrium  Charging  Potentials  on  Slab 

Sldd  Sun-llfuminate  j)  as  Functicn  of 

(Vs  0}  (R  s lOlO  3 a q 2)  ^ 
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STABLE  DIELECTRIC  CHARGE  DISTRIBUTIONS 

FROM  FIELD  ENHANCEMENT  OF  SECONDARY  EMISSION* 

James  W.  RobinsoD 
The  Pennsylvania  State  University 


SUMMARY 


»ie  emission  of  secondary  electrons  from  dielectrics  Is  suhierr  fn 
nu,»orou.  cttccts  of  oloctrlc  ftold  which  .re  experl^ntaU,  dl«lco5f  ll 

locIrfial^“r'^™ri“<?r°  P“lse  techniques  such  that 

present  are  slso^f  l«eres‘^“‘l^i^““nnr'ne"c«bnn^"p:c"u^nc^r^^^^^ 

measurements  were  made  for  a charged  f luorinated-ethylene-DroDv1<M,s»  » ^ 

near  a grounded  aluminum  half-round  resting  on  thrsurSL  surface 

Pr^uced  s stable  surface-charge  gra«e«  b^^g^^^^nuS'hy 
enhaucod  secondary  emission  (or  which  a model  Is  constructed^  Obsor^Uons 
som;  s^nung  '“-lltlons  confirm  the  predictions  of 


INTRODUCTION 


in^nJLf  ~^s".^^:tnb^^ld^^a^nhT 

.ustri  n dih““snc^fn:d-^^ 

typfcai  rnnnrr  pL-nir  inntS“:Jn\:j:  r jrw“S 

stability  expressed  In  term  of  the  probability  of  flashover  a transient 
Thin^'ni***'  chb  accumulated  charge  Is  cleared  from  the  dielectric  surface 

u;ntf?r''s'’‘™  P>-«ccsses  near  an  IntnrfL"  ^o  ^s  « 

f rS  1?5  °f  charge,  "he  ^“e^r  ^ 

backing!  '*-"*»  Oiccc  of  fluorlnated-ethylene-propylene  wltb  a metal 

St  “f  secondary  emission  was  emphaslaed  In  reference  1 vet 

in  nurfl  " rnncinn'm?';  ‘■CC"  atlamed.  Summ^rLed 

ll.qurc  is  a series  of  measurements  (ref.  2)  of  secondary  emiasion  in  the 

".nlitlL'inn"'''’  »cc  »-<■  space  Administration 
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Sr-  '™  «• 

»»««ri»«  cceods  t*J  ««lL?ah  “"  baj  th“ 

Vicinity  of  the  Interface  are  foil  ^ electric  flelda  Tn 

^^8^ml®"^  k'"'’"®''  <■«««  “ "°™‘  «“W  CM- 

se  that  they  account  for  t'rdL'ripa'ici!'’  '•"""  "«b«br»Tlt 

cafcSated”"  ® f^ferance  data 

-ra.  oae  coaHtaa  the ---‘-a "Jl^etllash- 


CALCULATING  POTENTIAL  PROFILES 


surface.  The  calculation  dependTof  rf.  calculated  above  the 

Aa  a first  step  l„  the  caU^LtLa  ''rte'e““‘°  “ ='’‘»™  1"  t?gZ 

^teEr™\"T‘af  " ' ® =“°®  ‘^at  ^hnJr'Lrh'™*'”'”"'  " 

d‘?spliy"“  ?JJ,““"”®'*tesSts  back‘to°!h'’°‘T^‘^^^ 

tef^pti 

.et„s  a ,"  e“^;  J^d”'  ^hfT  F'  ~ 

find  a surf  * letter  output  was  used  by  an  ^tera^f  midpoints  between 

the  surf“  rd°:r""^«^  tjat  r^tj :: 


SURFACE  MODELS 

=S™SS  HrS. 
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The  weakeHt  fields  are  those  outside  the  diejectric  vet  thev  a 

emission  as  do  the  fields  lust  hr.u»,  V*^*-  they  aid  secondary 

external  fields  be  reversed  1,  dlreeM  "^ould  the 

emission  of  secondaries  This  to  n ^ weak  tliey  would  stifle 

kinetic  t^nergtertLJr ranee  li^  «“'•  l«w 

Fields  tangential  to  the  surface  wlll**be*^th  ^ angstroms, 

aurface  and  they  will  okerexL^  the  same  on  either  side  of  the 

realising  that  the  lntern!l  axtctnal  field  component.  Whil 

external  normal  fields  3 kV/mra  algnlflcanclv^l'’f? 

Because  of  the  equality  of  tanfienfial  HoiJ^  omAsslon. 

"Odslled  simply  as  s surface  ctiarg.  slice"  ’ ■‘“'I' . trie  is 

sucl,  thsre!«"'“r«;s“L"c‘.nrslL"  "”™"'  ''"■  ““■•fi'-'*’ 

smlued  seconds^?  Ly  iu  ?rsvc?l^f  “"'»"<-■•  *" 

esuse  sddluonsi  secmidary  aZsi™  '» 

grazing  angle  it  is  an  off^n^«r.^  strikes  the  surface  with  a 

are  nearly^aral’el  to  th  ^ ^ producer  of  secondaries.  When  field  1 Hes 
electron  T '"'T  mechanism  t.r 

secondary  production  is  not  tangential  fields  effect 

phenomGnum  are  Indicated  In  the  an^lv  ^^vertheless  certain  aspect^s  of  tiu 
emission,  is  useTSerr^o  Jn^Lniraff^  .““'T' 

primary  may  have  a widespread  eUe^^erctrgell^r  he'i^^  ’ 'n^ 

the  process,  a steady  state  is  gained  when  at  all  noJ^  V 5<^;iardless  of 
balance  charges  received.  ^ poti.ti-  charges  emitted 


STABLE  CHARGE  DISTRIBUTION 


data  feJThsU-"?:;:  radlu^  “r"  »P-i»™twi 

Oats  has  been  smoother  WhertJls  L?!  P'Prrscntat  Inn. 

generates  equlpotentir  lln^  <"  'I'e  routine  which 

is  taken  as  a Jetre,  ^ “■'  *"  =.  The  figure 

interface  conflgurr  ^ .'  stable 

potential  apprSes  f noteworthy.  As  surface 

surface  such  that  secondary  emlsUr  IncreaLr^T'’  ""rmal  to  the 

say  that  the  critical  p„l„?  to  ^5.^^  »e  m,„ld 

the  interface.  Furthermore  the  eenj^r^^i'  , J spproaehlng  20  kv  at 

tangential  fields  approarh  50  kV/1,  000^1081%^!^”'  spst.nl; 

slmlfiranh  Tf  4 i t * » ucn  tiiat  bulk  conduction  may  bn 

surface  and  the  equlpotentials^^then^lts  the  angle  between  the 

summarizes  the  suJfacrcoidltions  with  potential  (fig.  f,) 


SIMULATIONS 


phenomena,  they  ale  obtained  only  i interface 

ditlonfi^°”  limited.  The  calruiationaJ ‘*’rSutlnes^^  investment  and 
ob^aln^K?”  as  well  as  hypot  hot  teal  com!  Lr*''"*'  ® simulation  of  eon- 

liiorlun  In  a ma„„ar  to  bo  dotermtnod. 

sues  o£  haLJS?  u“My‘’j'^  Irwell‘''°‘’  P°tsstlal  near  dlfterent 

near  half-rounds  of  the  saL  slL  ™P«ae„t  sealed  surface  potontllu 

conclude  that  a steeper  grrdle«  cor^^l  f *'“, ‘"'«P«tatIon  Is  used  „c 

eracct  fr  "='pPP"Pa  distribution  nLr  a half*‘*°"a“®‘®®'  ““ 

re?e“  :e^a^'?"““‘  “ ‘“pp-c  ‘^p  IXIo^el^^o^’rd  “e 

dlsiLrIbutUn''becoTOa  sueper?  we^^rmUcl  "t'*'  “"““pp-  “'p  charge 
stable  conditions  ao  longer  exUt  TM^  f “ hlgh-flold  Unit  where 
Pgulpotentlal  lines  of  figurrs  mav  "fl'/lPP  he  arguod  anothor  wa^  The 
no  ohauRoa  In  potential  ofajgfe  ^ P”'  half.  roS',„7 

change  Inversely  with  dlneosllne  gLe™  r?."’"''  ‘'*““8’'  dcctrlc  fleld^wlll 
nations  that  by  this  scaUnrpro^dSnr^H  "“pp  PppPP“  P"c  conflg”- 

Ehe  referenco  case.  For  ono  orthe  t!  T "'"''"pp  fP»l<‘P  ">nch  higher  than 
across  the  surface  of  an  otherwise  stable’  '*  <10-inil)  wire  was  laid 

cut  la  the  dielectric  and  cond^ctuf  e^  ''°P  p^p  °PhPn  a slit  wl 

through  the  silt  to  forn  -T-“°P‘P°  .PP°-y  fotced  from  the  underside 
found  that  neither  configuration  allow^f ® -found.  We  have 
overs  ocont  at  relatively  low  Ztae!^”H  » “Pp^p  Pharge.  uLh- 

X7aq*^f^  11  never  reached.  It  Is^slenlfi^  charging  process  and  full 

as  applied  and  hardened  before  the  sHt^  ^nlf leant  to  note  that  when  epoxv 
slit  was  stable.  cut,  the  distribution  near  JJr? 


function  of  6 neat  0 - 90»  Jhen  for  HtaM®  ® ^ sensitive 

perhaps  a few  degrees  of  90  for  most  of  .?^®/°"^^8uratlon  0 will  be  within 
basis  one  could  let  0 be  90“  ao  a firnf  ^ Potentials.  On  this 

charge  distribution  must  be  for  thi«g  r*^  approximation  and  calculate  what  th- 
is very  sensitive  to  experLnUl  errorC  fiRure  6 

possibility  was  tested  by  programming  an  Itfra^i"^'’  discounted.  This 
data  points  of  figure  A ®”  iterative  routine  which  Qh^F^vJ  ..i 

feure  4.  The  discrepancy  between  the 
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eurvos  Is  «ovfr.il  time's  what  can  ho  attrlbutoH 
thus  thi'  assnmpi  ion  o ^ but  d 

0 - HO-'  I...I  « RoofJ  o»t’. 


led  to  similar  rosuitr.. 
surtaco  potential.  incrcaao». 


The  angle  0 1 


-to  experimental  errors  and 
Another  trial  requiring  that 
H not  constant  but  decreases  as 


'M'JM’ULfnciai  curves  are 

t'Ktt  fields  will  be  taugentlal  ru  ' T " 

argument  in  support  of  tangential  u I?*"  plausible 

experimental  data  represenfed  In  figure  5 **  *’?  comparison  with  the 

i«  not  normal  as  are  the  others  rf  i ’ f^Rnre  7,  the  curve  for  -1  kV 

formity,  the  Ueratlve  computation  be"^!!  was  made  to  force  con- 

ahandoned.  computation  became  unstable  and  the  effort  was 


PHYSICAL  IMPLICATIONS 


ciwr.ii.ierlstics*"em'rgosf  ”Assunotio*.'"°'*''*  emlsstoii 

rarroHpo.uls  to  tho  condition'of'^s  0011^^00'^^  potentli 

till'  secoiid.try  critical  voUacc  is  a u..lo.',o  emission  coefficient,  that 

•ingle,  and  equivalentlv  that  secondarit  Lala'*"k'*'’''  ““''"eth  and 

cant  All  nios, rations  arc  Sased  o^erw  !■  f Inslgnifl- 

«-d_y_sln-e.  surface  eo.tege  v;a^nd”\ - a 

..overt, n.;e„,"t;, assume 


--tdered  to  exist. 

.1.0  Otit.ca,  ea,„„  t,;  “ .r  ‘ T'  ‘'■“" 

.attained.  If  20  t V l,s  hl.,hcr.  charge  lul  ^ 

perturb  It  ion  1,1  f . . ^ act  umu late.  From  an  assumed 

y..r  steLuity  tl,;.  ooir,l;;™dt!^el^:g*°;V'v“"^'^'"  "■  »«  found. 

•ind  thus  constraints  are  placed  on  f.  '^c  fhc  proper  polarity 

Jiata  of  the  reference 

V,  anil  a variable  coordinate.  The  pen^rL  Ion  ni 

.■Kp.lnd,„g  the  reference  d.strihntlon  h,T  ‘“'"•‘■■aied  here  consists  „f 
tound  constant.  Using  ch.mges  in  K mZ  0 1‘oldlng  the  half- 

the  partial  ilerlvatlvos  f and  f • * ' ‘'a'llonlato  AV  in  terms  of 

J..  oiu 

'■'V,  = fj,  AF  -I-  AO 

For  restoration  of  the  reference  dlstrih...  i 

fly  f'M™f:i‘condr;?,~  - 
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V-  “ V < 20  or  AV  <0 

H C 

data  ® “‘°"S  tafarenca 

Anrf  J f ^ partial  derivatives  are  positive 

thf  reference  distribution.  It  is  notable*^that 

the  Slope  of  the  constant-E  lines  must  be  less  than  the  slope  of  the  reference 

xUrfunLlin^?  ‘'V®  Otherwise  the  slope  is  not  clearly  specified. 

IIlLfi  ^ ® decrease  as  6 increases  beyond  90*  because  the 

JhnolnJ^i?  opposes  secondary  emission.  Focusing  our  attention  on 

the  point  at  = -7,  we  may  estimate  partial  derivatives  to  be 

fg  0.06  kV 

fg  ■ 0.14  mm 

Aft  perturbation  produces  changes  of  AE  « -3.37  kV/mm  and 

1.19  . The  change  AV^  then  has  the  value  -0.4  kV  Which  is  of  the  desired 

polarity.  For  the  function  Illustrated  in  figure  8,  the  values  of  AV  are  all 

prturbation  should  relax  toward  the  referenL 

Table  1.  This  function  cannot  be  used  as  a 
la  secondary  emission  characteristics  because  it 

ihich  i;  ^ supported  by  data.  Rather  it  is  a qualitative  model 

desSipS!  * developing  an  accurate 

of  f occurrence  of  avalanches  may  disallow  the  use 

^h^f  lll^L  representative  of  critical  voltage.  The  size  (<  0.1  mm)  of 

the  experimental  procedures  of  reference  1 to 

is  hlBhlJ’^Lfr^^M^  Consequently  any  Use  of  the  model  near  90' 

r However  for  lesser  angles,  secondary  electrons  have 
returning  to  the  dielectric  surface  and  the  concept  of 

detanS  J^scr?ptlon-'or«M)  » 


experimental  details 


fi«  I,  5®®f®  flashover  probability  was  high,  the  cause  of 

flashover  could  be  ascribed  to  some  fine  detail  in  the  Interface.  When  care 

tribuMo”  remove  the  causative  feature,  then  surface  charge  dls- 

trioutlons  stabllzed.  Several  examples  are  described  in  this  section. 

A stable  distribution  was  attained  by  covering  the  dielectric  sheet  with 
a metal  aperture  plate  having  a thickness  if  1 to  ifs  mm.  SccasIoSaf  Qash- 

nlate  flashes  on  the  edge  of  the  hole  cut  in  the 

plate.  As  time  passed,  flashovers  became  less  frequent  because,  it  is 

presumed,  the  rough  spots  on  the  edge  were  eroded.  After  extensive  exposure 
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to  beams  of  high  flux,  the  dielectric  surface-j  were  found  to  be  coated  near 

* nonconductlve-whltish  substance  thought  to  be  aluminum 
oxide,  figure  9 is  a mlcrophofcograph  Illustrating  the  deposit. 

When  an  aperture  plate  was  cut  In  half  and  assembled  by  buttlne  edees 
flashoyer  probability  was  high  unless  care  Was  taken  to  align  the  joints  ’ 

th^flashoYMr  ^^8ht  flashes  at  the  Joint  acwinpanied 

J«serted  and  clamped  between  the  halves  of  split 

charge  distributions  Were  stable  except  for  possible 

''hen  a fine  wire  was  used  instead  of  a half-round  the 
wire  became  the  cause  of  flashovers.  rouna,  tne 

M,.  . specimens  were  prepared  with  slits  or  punctures  which  exposed 

pound  plane  through  the  dielectric  sheet.  When  the  underlying 
conductive  coating  was  bonded  with  conductive  epoxy  to  a rigid  metal  sub- 

LlehrnL^o?’  Yet  as  these  specimens  aged,  flashovers  became  more  frecjuent. 

ight  flashes  concentrated  on  specific  spots  along  the  slits,  the  repetitive 
discharges  eroded  dielectric,  and  the  spots  became  trigger  points  10^1^“ 
charges.  One  such  spot  formed  at  the  end  of  a slit  as®lllus?raSd  ij  ^gure 

When  a slit  was  cut  before  the  epoxy  and  backing  plate  were  applied  the 
poxy  oozp  through  the  slit  and  formed  a bead  ou  the  exposed  surface  of  the 
epoxy.  This  configuration  was  unstable  from  the  beginning. 


CONCLUDING  REMARKS 


potentials  near  dielectric-metal  Interfaces  provide  a 
MeMurfment**®  secondary  emlnslort  phenomena  reported  here. 

el®®t'!“  plsslon  from  the  dielectric  show  that  normal 

roefflcie^J  increase  the  critical  voltage,  that  point  where  the  emission 
unit^  uider  Assuming  that,  for  steady  state,  the  coefficient  is 

hi  fl6ld  conditions  we  then  calculated  the  critical  voltages 

nsulbu?lor°  “■>  “Sle  represented  b,  the  Lasnted 

distrlption.  A model,  based  on  this  limited  data,  shows  that  critical 

voltage  Increases  with  both  the  field  magnitude  and  the  angle  between  the  sur- 

ce  and  equlpotentlal  Hnes.  Scaling  exercises  predict  increasing  field 

®®  J**®  ®^*®  ® ground  strip  is  reduced.  Correspondlng\xperlments 

show  that  surface  charge  dlstrlb.itlons  become  less  Stable. 
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- fHE  CHANGE  AV^  CORRESPONDING  TO  AN  ASSUMED  PERTURBATION 
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normal  electric  field  (KV/mm) 
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SECONDARY  EMISSION  EFFECTS  ON  SPACECRAFT  CHARQING: 
ENERGY  DISTRIBUTION  CONSIDERATIONS 

N.  L.  Sanders  and  G.  T.  Inouye 
TRW  Defense  and  Space  Systems  Group 


SUMMARY 

Calculations  of  the  floating  potential  V of  a spacecraft  In  geosynchro- 

eqHat?oS  A®,?  to  the  current  balance 

^mteeSnn  li  k L ^ '^scat^'^^  “ the  Ion,  electron,  secondary 

emission  and  backscattered  currents.  The  multi-valued  solutions  result  from  the 

ouble-valued  nature  of  the  Incident  electron  energy  when  expressed  as  a func- 
tion  of  secondary  electron  yield. 

We  have  e^mined  the  conditions  under  which  multiple  valued  solutions  occur 
by  computing  the  floating  potential  of  an  Isolated  eclipsed  surface  on  a geo- 
synchronous orbit  spacecraft.  Two  different  surface  materials  were  consiLred, 
aluminum  With  an  oxide  coating  and  BeCu  (activated).  Several  different  approxi- 
mations tor  the  electron  spectra  during  a geomagnetic  substorm  were  used. 

Indicates  that  If  the  Incident  electron  flux  has  a 
7 distribution,  the  ratio  of  the  secondary  emitted  current  to 

the  incident  electron  current  is  independent  of  the  spacecraft  potential.  In 
IhJ  7*?  ^ single  valued  solution  to  the  current  equation  occurs.  However,  If 
the  electron  spectra  can  be  described  by  the  sum  of  two  Maxwellian  energy  dis- 
tributions then  either  multiple  potentials  or  a single  small  positive  or  a 
single  large  negative  potential  can  occur.  Under  certain  conditions  the  nature 

change  from  positive  to  negative  to  multiple  by  making  rel- 
In  the  incident  electron  spectrum  shape.  In  this  case  of 

faro  1®  temporal  changes  In  potential  of  a spacecraft  sur- 

race  In  eclipse  could  occur  during  a geomagnetic  substorm. 


INTRODUCTION 


>970's,  plasma  clouds  containing  kilovolt  electrons  were  ob- 
served In  the  magnetosphere  at  synchronous  latitudes  (ref.  I)  resulting  In  the 

calrSlaft^!  of  volts  potential.  Since  then  numerous 

calculations  of  the  floating  and  differential  potential  of  a spacecraft  In  qeo- 

synchronous  orbit  (refs.  2,  3,  1»,  5)  and  In  the  Jupiter  environment  (refs.  6 
7.1  performed.  More  recently  It  has  been  shown  that  the  spacecraft 

7 77  equation  can  have  multiple  solutions  yielding  two  stable  and  one 
M 7 potential  of  the  charged  up  spacecraft  (ref. 

•*).  Multiple  roots  are  a consequence  of  secondary  emission  from  the  surface. 

ey  can  occur  when  the  maximum  value  of  the  secondary  electron  fractional  yield 
°max  greater  than  one. 
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.n  this  paper  we  have  examined  some  of  the  conditions  under  which  multiple 
sol  nr  Ions  to  the  current  balance  equation  can  occur.  We  have  assumed  that  the 
spacecraft  surface  In  question  Is  In  eclipse  and  Is  spherically  symmetrical  and 
that  the  spectrum  of  the  ambient  electron  flux  could  be  described  by  one  or  two 
Maxwellian  energy  distributions. 


COMPUTATIONS 

To  determine  the  current-vol tage  characteristics  one  must  balance  the  cur- 
rent to  the  spacecraft.  If  Jnet  the  net  current  to  the  spacecraft,  then  In 
the  steady  state 


■ •'scat*''’  '0  "> 

where  the  J's  are  the  voltage  dependent  current  densities  for  electrons.  Ions, 
secondary  electrons  and  back  scattered  electrons,  respectively.  The  current 
density  for  electrons  that  can  be  described  by  a single  Maxwellian  energy  dis- 
tribution is  given  by  Jg(V)  = Jgg  exp  [eV/kT]  for  electrons  incident  on  a neg- 
atively charged  surface. 

In  the  case  of  ions,  we  have  used  the  same  assumptions  as  Prokopenko  and 
Laframboise  (ref.  4),  i.e.,  that  the  Ion  flux  is  Maxwellian  with  an  ion  temper- 
ature of  one  kilovolt  and  that  the  ratio  of  ambient  Ion  to  electron  current 
densities  Joi/Joe  “ 0.025.  With  these  assumptions  the  Ion  current  den-sity  in 
the  attractive  case  (i  .e.,  positive  ions  incident  on  a negatively  charged  sur- 
face) becomes 


J,  = .025  J 0-y) 
i oe 


(2) 


where  V is  in  kilovolts. 

In  order  to  compute  the  secondary  electron  current  it  was  assumed  that 
the  fractional  yield,  6(E),  as  described  by  Sternglass  (ref.  8)  could  be  approx- 
imated by  the  difference  of  two  exponentials,  I.e., 


6(E)  = c(e"^^®  - e"^/*") 


(3) 


To  compute  the  constants  a,  b and  c,  equation  (3)  was  compared  to  the  Sternglass 
relation  for  the  fractional  yield 


6(E)  = 7.4  -f  . (E/E  ) 


(4) 


The  values  of  P f 

the  table  In  reference  materials  used  In  the  a 

tions  for  an  alumJnum  surfn  of  the  <S(E)  obtain  taken  from 

the  Sternglass  eTp?e  e"®  I"  figure  l!  ,n  k' 

tuftously  well.  fit  to  the  difference  of  ‘ilonilnnm 

net*  of  two  exponent  lals  for- 


incident  Maxwehian  Electron  Flux 


equatlon'has  at'mosl  on«"’^°"  '*  M««welllan  ih.n  th 

-«a.a.,  e™,as,„T‘a-  r5'^s/?r)l‘ 


/•  — 

^oej  «(E««  e''^  (I  * JE 


eV 


“sing  egua.ion  (3)  for  «(e)  o„e  fi 


nds 


(5) 


d * cJ  e**^^ 
s oe 


- ( 

akT  I I 

I (I  +iil) 


(I 


I > y eV 


that  the  secondary  emission  factor 

/‘^e  = S = c / L__  . 

(T7 

is  independent  of  V Tha.-«r 
3S  Therefore  the 


S defined  by 
I 

(i  + ~)^ 

D 


(6) 


current  continuity  eauat 

y Q Qlion  can  be  writ* 


on 


J|  (V)  - J (V)  (,_S)  ^ ^ 


or 


■«5  “oe  ('-«  - “oe  (l-S)  = 0 


for  a 
one  root 


"ogat.vriy  charged  surface,  since  S Is 


a constant,  equation  (5)  has  only 
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Incident  Electron  flux  Described  by  TWo  HaxMelllans 

The  synchronous  orbit  electron  flux  during  a substorm  Is  not  always  well 
described  by  a single  Ma>welllan.  We  have  therefore  also  examined  the  multi- 
root nature  of  the  current  continuity  equation  In  the  case  where  the  Incident 
electron  flux  Is  more  appropriately  described  by  two  Maxwellian  energy  distri- 
butions. In  this  case  the  curceni  continuity  equation  can  be  written  as 


''net  “ ■ Je/'')  ^'*Sl>  ‘ O-S^)  - 0 (8) 


This  equation  has  more  than  one  root  only  If  (l-S|)  and  (l-So)  have  opposite 
polartties.  The  conditions  on  S]  and  S2  for  a single  positive,  single 
negative  or  multiple  roots  are  shown  In  table  1. 


SYNCHRONOUS  ORB  IT  STORM  SPECTRA 

As  an  application  of  the  above  we  have  computed  the  current-voltage  char- 
acteristics for  two  different  surface  materials  exposed  to  the  storm  electron 
spectra  for  synchronous  orbit  described  by  Knott  (ref.  2).  This  spectrum  Is 
based  on  ATS-5  data  (ref.  1).  We  have  approximated  the  Knott  spectrum  by  three 
approximations,  each  of  which  consisted  of  two  Maxwellldns.  Each  approximation 
to  the  electron  spectrum  had  a differential  flux  given  by 


d4> 

dE 


+ 10^ 


(9) 


The  three  different  approximations  were  generated  by  selecting  different  values 
^'2,  l-e.,  kT2  = O.A,  0.5  and  I .0  keV.  These  approximations  and  the  Knott 
spectra  are  shown  In  figure  2.  Also  shown  In  the  figure  are  the  In-orbit  data 
points  obtained  by  Deforest. 


Roots  for  a BeCu  (Activated)  Surface 

Using  the  spectrum  described,  the  floating  potential  of  an  activated  BeCu 
surface  In  eclipse  was  computed.  This  material  was  selected  because  of  the 
large  number  of  secondary  electrons  released  by  It  per  Incident  electron.  For 
BeCu  (activated)  B^ax  " 5.00  and  E^ax  " 0,k  keV  yields 


6(E) 


for  our  approximation  to  the  Sternglass  equation. 


«.ch  ife  ia’ So"  1“  '»  '"  ''■9-re  3 for 

only  slightly  front  each  other?’th^„“tS«  ofX‘JSS®t  ■’■'for 

y different.  The  solution  fir  the  S««rS  wUh  St  S ®’’®  '■'■"“t'eel- 

Itlve  root.  In  the  case  of  kTj  -oh  keV  thrm  t "®*  ®"'''  ®9o  Pos* 

rs^"Snai^e^^5e^'’i^''"''  In^jirs^cSsrfSr^fdS^S'ioot 


^ . 

dE 


10®  E e 


E 

T 


+ A2  E e 


6 

kT2 


'^f  A^'ISd  k'trnw  t'h!“SSuS3SJl«^'lS'’SSr?-"'*‘"'‘  ‘'“‘■r  ''O'oes 

of  solutions.  As  a result  small  chanqes  in^kT^  separating  the  different  kinds 
d.fferent  solutions  to  the  cuJlInf Sfn:?ty\^u:tt?n?"  significantly 

Voltage  Solutions  for  an  Aluminum  Surface  with  Oxide  Coating 

fn  eclipse.  In  this ^case^a^fx  “^^J'^and  E°*^  coated  aluminum  surface 

b “ 0.115  and  c = 3.6.  ^ ^ '■esulting  in  a « I.33, 


are 

to 

0. 


depicted  in  figure  5?*'^We°not[ce^that'^^^"fh^°"*'"“*  ^ equation  obtained 

fit  the  Knott  s?orm  spectrurJesuI  ?n 

P irum  result  in  single  negative  solutions  to  J„et(V) 


CONCLUSIONS 

potent ial'^ofVbody'^in^ecltpse'^has^^^  of  multiple  solutions  for  the  floating 
the  electron  flux  is  descJ  bed  by  two^Ma^eJl-  ‘^e  case  where 

case  mutiiple  solutions  can  be  oJtaTneS  U '"'^^•■^butlons . In  this 

the  material  In  question  has  a ?arnl  fri..  particularly  if 

as  activated  BeCu),  the  nature  of  the  IofJl°oni  emission  yield  (such 

changes  in  the  spectrum.  For  examnif  ??  sensitive  to  srtial  1 

of  the  incident  electrons  of  about  I factot^of  th^*^  ^iT  ® 

change  the  solution  for  the  floatina  ootenfiai  spectral  peak  cah 

3,;. . ....fcrs; .t/ra."™'!;!.-'  • 
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JECONDARY  EMISSION  COEFFICIENT  6 
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S - 1290  exponentials 
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STERNGLASS  EXPRESSION 
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ENERGY  (eV) 
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SECONDARY  ELECTRON 


EFFECTS  ON  SFACECRAF-T  CHARGING 


•J.  W,  Haffner 

Rockwell  International  Corporation 


SUMMARY 


Calculations  have  been  carried  out  to  determine  the  effects  of  electron- 

SoUase  electrons  on  the  net  charging  current  and  the  equilibrium 

voltage  of  spacecraft  surfaces  immersed  in  hot  (keV)  plasmas.  The  ratio  of 
secondary  to  primary  electrons  as  functions  of  the  primary  electron  energy  E 

»£  the  form  A(e-aE  . .-bE,  „Lre  a"  a,  eSI  b Sere®"^’  ’ 

was  P®p°“*pty/pt‘«>aty  electron  ratio  has  a maximum 

as  in  the  0. 1 to  1-keV  region.  Assuming  a Maxwellian  primary  electron  energy 

cJan  eeeendery  electrons  were  found  to  limit  equilibrium  space- 

craft  voltage  only  for  plasma  temperatures  <3  keV.  The  charging  rate  was 
reduced  for  higher-temperature  plasmas,  but  only  until  spacecraft  voltages 
reaciied  ~10  keV.  The  limited  effectiveness  of  the  secondary  electrons  in 

spacecraft  charging  parameters  (voltage,  current)  was  due  to  the  low 
primary  electron  energies  at  which  they  were  produced. 


INTRODUCTION 


In  an  electrically  neutral  plasma  there  will  be  equal  densities  of 
negative  and  positive  charges.  (If  the  plasma  is  not  fully  ionized  tliLe  will 

nosiHufm  -I  ^ charges  are  electrons.  Near  geosynchronous  orbit  the 

UrLo  f ^ protons,  and  the  small  neutral  component  is 

largel  , ,.;le  up  of  hydrogen  atoms. 

Ilecause  of  collision.s,  both  the  negative  component  (electrons)  and  the 
|cf  tive  component  (mostly  protons)  of  the  geosynchronous  orbit  plLma  have 
quasi-Maxwell ian  energy  distributions  with  comparable  (within  1 a factor  of  2) 
average  energies.  Since  neither  the  electrons  nor  the  protoL  are  relaUvistlc 

wll-  in  t'.f  protons.  Therefore,  the  electrons  will  Impact  any  surface 

wMl  \sLm  nTih^r^*’  ^ ’’Pf  more  often  than  the  protons 

vvMI.  Assuming  that  comparable  fractions  of  the  impacting  electrons  and 

a:;,"  s.m;^ua 

i!h  ^ ‘^^^ctrons  Impact  It  will  decreasc 

w,  Me  tue  proton  impact  rate  will  Increase.  When  the  rate  at^which  the  n^r 

. aarg  transfers  to  the  surface  equals  zero,  charging  stops  and  the  surface 
will  !iave  an  equilibrium  potential  (voltage).  ^ ^ ^ s>urrace 
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WlllXo  thoiTG  flrp  nt'U/vi"  I 

ini“f '“  "!’'  '■‘'  «"»iS  S thi.  “L‘,l„°”^’'  these 

ncgauv.  voUagrS„::’’““J?„“  guJftcra‘c,1iJeg 


where 


Je(V)  = Jo 


Je(V)  = current  density  of  electronc  r 

electrons  of  energy  (voltage)  V 

' =:  :?"s  ‘rat.-.tpi.:- <“  - » 


N 


= N q V 

' *"=lty  of  alactfona  la  tha  plaama 

<1  = Charge/electron 

V = average  electron  velcclty 

...  - .,  ,„. ^ _____ _______ 

..  — ...  £.“»“;, J ;■;  «s;«.  «.. 


■r 

1» 


Je(>V)  =;  J^(V)  dv 

'V 


Jo  Vr 


a-V/Vc 


This  expression  shows  that  ^^*a  ► ..  i 

with  Vo  (which  is  a measure  If  o?  .primary  electron  current  densltv 

a,a„i, 

be  approximately  density  when  the  spacecraft  Is  uncharged  will 


Jp(V) 


42.85 


prx.aay  paolon 


Jp(>V) 


QO 


(V)  dv 


,-V/Vo 


As  can  be  seen  front  Figure  1 i>h-t»  ^ 

cIl^eHrL""*”  vT  TlV,h^-  «««e  also 

V/Va  - 3 75^fir*ahf°°*^  Instead  of  V/Vo  + 1)  and  fk*  Paoton  Integral 

ef  5i-V  '?"  XHese 

Photoel.o^ro;e^L:LTehi%%dt%^:Ht^^ 

“K  =“"™“ 

on  S;  .Tr  oT:  fVj^tir  - - oJJtl'S 


SECONDARY  ELECTRONS 


in  that"^tter"®frort^e?"""  they  „iu  dlsoi«  i 

S£S“!?-S-i  Ss 

"xiiinr:i:e,“?e“o^t:r>"?r-  — - "»  -id“  S^JeT^ 

spacecraft  ohMglJg“'?h°J®'|j°^  secondary  electrons  are  Inportant  In 

acquire  clwrge  (and  henie  voSg^  aL'!?'  “5  “Psoecraft  »1U 

breakdown)  the  evilllbrlum  .oltfge  tfwhlf^  '"“““‘"B  there  la  no  electrical 
is  due  to  the  far^  to  which  the  8pacecrAf^  r^4it  u 

electrons  arriving  equals  the 
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craft  no  loSger  adqSrJI^addltloJaf achieved  and  the  apace- 
electrhns  from  many  toaterlals?''*^Ofteft**little^*^^^*^^^^  and/or  secondary 

rLr 

s ?crr: 

curve.  *>y  an  exponential  and  integraLrierir^hf  cScuJa?^^^ 


Je' (V) 

JaW“ 


1.1  (e"°*^  ^ - e"^° 


where 


«evv^ 


primary  electron  current  density  (amp/cm^) 


is 


” ' *■  ^ 

Je*(V)  . secondary  electron  current  density  (emp/emt) 

''  “ energy  of  prlnsry  electrons  (kev) 

The  primary  electron  current  density  as  a funr^^«  r , 

naicy  as  a function  of  electron  energy  (v) 


e' 


electroSs  with  elle^gies^J^  temperature  (keV) . The  current  density  due  to 


'^e(^V)  “ J* 


{ 


e-''^''°  dV 


Je  Vo 


e 


-V/Vc 


e«?^le“  >rwLT:e“:t'Lt‘S:ci‘J'  Se‘tr”  'f“  -th 

Si"dX^cec'sr -%»r,g\Trr:a“i; 

giyen”y*rte'«JreMlor°"^°'^  current  to  primary  electron  current  Is 


Je*  (V)  / 

J^evT  “ K ( e - e 


the  secondary  electron 


current  will  be 


( 


Je’(V)  =>  Je  K 


Je  K 


e-<“*i)''  .,-('*  i)''] 


In  .hesQ  expressions  K,  a,  and  b are  parameters  which  depend  upon  the  space- 


Je‘ (>V) 


00 

Je'(V)  dV 


For  aluminum  K = 1.1,  a = 0.1,  and  b » 10.  This  function  (for  Je = 1)  is  shown 
graphically  in  Figure  4.  It  shows  that  for  V=  0 (an  uncharged  spacecraft)  the 

HoweJer^ar^hr*'  a®  proportional  to  Vo  (the  plasma  temperature). 

IZltlok  curr^n^  H becomes  charged  (V/Vo  Increases)  the  secondary 

current  decreases,  and  that  decrease  is  more  rapid  if  the  plasma  has 
a high  temperature  (large  Vo)  than  if  it  has  a low  terapeJature.  This  is  to  be 
^xpected  since  for  a large  Vo  the  importance  of  the  0.1  - iS  k;v  r^on 

^'"small^Vo?”^^''^  electrons  are  important  in  aluminum)  is  less  than  it  is  for 


current)  ^"‘=®>'8®ctlohs  of  the  curves  in  Figure  2 (the  net  primary 

cur^Pn^i  ? corresponding  curves  in  Figure  4 (the  secondary  electron 

will  chLee  in  IhT  I ^ voltage  to  which  aluminum 

0 5 increase  the  secondary  electron  current  by 

uncLS)  i8^l"nA/ci2  electron  current  (when  the  spacecraft  is 

inrrpl!?«»  ti  ^ Secondary  electron  current  is  obtained  by 

increasing  the  ordinates  of  the  curves  in  Figure  4 bv  0 5 T^l^a  has 

to  obtalo  the  curves  shown  In  Fig„„  5.  .ills "he  effeiu  of  iheX^H 
e ec  rons  are  relatively  small  at  V"0,  as  V (the  spacecraft  potential) 
Increases  the  photoelectrons  dominate  the  secondary  electron  current.  This 
accounts  for  the  asymptotes  at  -0.5  of  the  curves  in  Figure  5.  By  overlaying 

InteL%LTo^s  ®q«ilib«^lum  voltages  may  be  obtained  from  the 

intersections  of  the  corresponding  curves*  as  before.  After  multiplying  by 
Vo,  the  results  are  listed  in  Table  1.  «-xpxying  oy 

If  the  primary  electron  current  density  is  10  nA/cm*,  the  curves  of 
Figure  4 are  increased  by  0.05,  yielding  the  curves  of  Figure  6.  Proceeding 
as  before  yields  the  equilibrium  potentials  listed  in  the^last  column  of  ® 
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^‘“»“»  ---.t  denauy 

apcondary  eieetrons  only  have  Co\pproach  half^of^h?  because  the 

electrons  accounting  for  the  remainder?  " ^ amount  (the  photo- 

electron  current  density  l^ large  (e  g^‘  iS  initial  primary 

aroall,  leading  to  an  equilibrium  voltagi  llttl^“dif sanlight  is 
absence  of  sunlight.  The  effects  of  thn  from  that  in  the 

secondary  electrons,  do  not  deoeL  *=hose  of  the 

the  plasma) . • « depend  upon  the  value  of  Vo  (the  tempera4Mire  of 


three  common  plastics  (Mylar  *^TFE^Teflon'*^aSd  v°  electron  current  for 

(References  2,  3,  and  4):  since  in  Figure  7 

behavior  as  a function  of  primary  elect?LTeL?^J^^^'^  f*'®  ®®“®  general  peaked 
of  analytical  expression  was  used  to  ajp??xlmn!  fJ?  the  same  type 

as  for  al„.d„oa.  rhe  socondor. 

Mylar 


K = 9 


a 


Je’ 


9 J, 


TFE  Teflon  K =5.8 


b 


15 


3 +-i 
Vo 

= 1 


Je'  = 5.8  J, 


Kapton 


5 + -L 
V, 


K 


= 3.5 


3.5  J, 


o 

= 15 

iV 


2 

''o 


to.peracS;f  s d„^^  functions  of  plasM 

have  bean  calculatad  from  thesa  eouattons  (fhr!hfro''i°  f’‘'»«alactrona) 

cases).  By^verlaylnfi  current  was  taken 

with  the  net  primary  current  cuL^  nf  L ® these  secondary  current  curves 
voltages  listed  in  Table  2.  ^ Figure  2 yielded  the  equilibrium 

too  small  to  effectively  llmlt'^^he  ejuillb?lum^^®i°”  f°f 
plasma  temperatures  considered  (2  to\o  kSvJ  potentials  for  most  of  the 
photoelectrons  limit  the  equilibrium  ^otS*,  is  present,  the 

Is  not  too  high  and  if  the  orlmirv  do  1-  plasma  temperature  (Vo) 

not  too  high."  The  secoLary^'?:cLoi  (^e)  Is 

equilibrium  potentials  for  low  pUsma  the 

plasma  temperatures  (Vo  = 3 keV)  even  In  the 
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PJ^event  charging  In  the  presence  of  sunlight 
until  plasma  temperatures  exceed  a few  kilovolts.  ^ 

Examining  Figure  7 with  th««e  results  in  mind  shows  that  it  is  the  energy 
J*'®  secondary  electron  emission  is  active  that  determines  ^ 
its  effect lyeness  for  the  plasma  temperatures  considered.  For  Incidenr 
(primary)  electron  energies  £l  keV,  only  Teflon  has  much  secondary  electron 
(Flfiuira  secondary  electron  emission  from  aluminum 

Sfl  fhL  plastics  (Figure  7 and  Table  2) 

shows  that  the  higher  the  incident  electron  energies  as  which  secondary 

effective  the  secondary  electrons  are  at 
Con9id@^Ahi2  fff  potentials  especially  at  high  plasma  temperatures, 

n,  in  trying  to  develop  such  materials 

(Reference  5)  as  well,  as  in  looking  for  conductive  coatings  with  desirable 
thermophysical  properties  (Reference  6). 

^e  effects  of  secondary  electrons  upon  the  spacecraft  voltage  as  a 
function  of  time  may  be  calculated  by  obtaining  the  average  current  as  a 
function  of  V/Vo  and  summing  the  inverses  of  these  currents  for  convenient- 
sized voltage  steps.  For  example,  in  the  absence  of  secondary  electrons,  the 
net  primary  current  is  1 if  V/Vo-0.  0.75  if  V/Vo  »0.25,  0.56  if  V/Vo-o!50. 
etc.  The  average  time  to  charge  from  V/Vo  = 0 to  V/Vo  = 0.25  will  be  -1/0.875 

K average  time  to  charge  from  V/Vo  = 0.25  to  V/Vo=0.50 

will  be  -1/0.655  or- 1.53  units,  etc.  The  time  to  charge  from  0 to  V/Vo=0,25 
is  thus  lel4  units,  while  the  time  to  charge  from  0 to  V/Vo  = 0e50  is  2.67 
un  ®tc.  By  proceeding  in  this  manner,  the  curves  shown  in  Figure  8 were 
generated  for  aluminum  in  the  absence  of  sunlight.  It  is  seen  that  the 

^^®  process  even  In  those  situations  in 

which  they  have  a negligible  effect  upon  the  equilibrium  potential  as  t->-oo. 

there  are  electrical  breakdowns  which  prevent  the  equilibrium 
n secondary  electrons  (and  the  photoelectrons 

down^^^*  sunlight  Is  present)  act  to  reduce  the  frequency  of  such  break- 

materials  have  a dielectric  strength  of  -500  volts/mil  of 
qAn  ^JJ®  .^®"‘*book  values  of  this  quantity  vary  or  show  ranges  of 

fTefloA  average  the  three  plastics  considered  here 

ITetlon,  Mylar,  and  Kapton) . Based  upon  this  dielectric  strength,  it  is 

possible  to  calculate  the  minimum  thickness  necessary  to  prevent  electrical 

® temperature  (Vo).  If  Vo  =10  keV  (a  reasonable 

upper  limit,  since  the  maximum  measured  spacecraft  potential  due  to  hot  plasma 
has  been  -19  keV)  plastic  surfaces  should  be  -50  mils  thick  unless  they  will 
be  continually  exposed  to  sunlight  (In  which  case  some  reduction  can  be  made 
for  synchronous  orbits). 


CONCLUSIONS 


The  equilibrium  voltage  attained  in  a hot 
and  primary  electrons  only  is  shown  to  be  ~2.5 


plasma  due  to  primary  protons 
Vo  (the  electron  thermal 
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energy)*  The  effects  of  secondary  electrons  produced  by  the  primary  plasma 
electrons  were  examined  for  aluminum  and  three  common  plastics  (Teflon,  Mylar, 
and  Kapton) . One  result  of  this  Investigation  was  that  It  Is  the  primary 
electron  energy  region  over  which  the  secondary  electrons  are  emitted  (rather 
than  the  ratio  of  secondary  to  primary  electrons)  which  determines  the 
effectiveness  of  the  secondary  electrons  In  limiting  the  net  charging  current. 
Thus  aluminum  (which  has  a maximum  secondary  electron/p -.’Imary  electron  ratio  of 
~1.1  at  -0.4  keV)  is  more  effective  in  this  regard  than  any  of  the  plastics 
(even  though  the  plastics  have  maximum  secondary  electron/primary  electron 
ratios  up  to  4.8).  This  is  due  to  the  fact  that  the  plastics  have  these  ratios 
at  0.1  to  0.3  keV.  A second  result  is  that  while  the  electron-produced 
secondary  electrons  decreased  the  chargirg  current,  they  had  little  effect  upon 
the  equilibrium  voltages  attained.  This  is  due  to  the  fact  chat  as  the  space- 
craft voltage  becomes  high  (>10  kilovolts  negative)  the  only  primary  electrons 
able  to  reach  It  are  too  energetic  to  produce  a significant  number  of  secondary 
electrons.  Under  these  conditions  only  the  photoelectron  current  (which  is  - 
constant.  Independent  of  negative  spacecraft  voltages)  acts  to  decrease  the 
equilibrium  voltage. 
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responses  and  circuit  resets  (ref.  6). 

* Conclusions  have  usually  been  based  on  a '^pattern  recog- 
nition" approach.  The  calculation  of  meaningful  statis- 
tical correlations  has  been  severely  hampered  by  a lack 
of  high  time  resolution  data  regarding  the  spacecraft 
local  environment.  Nearly  all  studies  have  called  for 
routine  inclusion  of  monitoring  devices  on  board  future 
flights. 

• Various  "correlations"  of  anomalous  behavior  with  environ- 
mental and  other  effects  have  been  observed.  These  Include 

-local  time  dependence 
-seasonal  dependence 
-geomagnetic  activity  dependence 
-day-of-the-week  dependence 
-long-term  decrease 

Not  all  of.  these  dependences  are  reported  in  every  study,  and  the  statistical 
basis  for  the  dependences  that  appear  to  exist  varies  greatly.  Moreover, 
there  are  some  discrepancies  between  studies  in  the  ways  that  certain  cor- 
relations are  supported: 

*•  local  time  dependence:  this  is  reported  in  about  half  of 

the  flights.  The  transient  events  reported  in  reference 
6 show  a skewed  distribution  favoring  local  midnight  to 
dawn  that  is  statistically  highly  significant.  On  the 
other  hand,  the  anomalous  switching  events  reported  in 
reference  4 are  distributed  more  uniformly.  This  has  led 
to  the  proposal  of  charge  storage  theories  or  theories 
involving  discharges  occurring  at  varying  thresholds. 

® geomagnetic  activity  dependence:  this  Is  said  to  be  apparent 
in  about  half  of  the  studies.  However,  this  discrepancy  is 
not  considered  important  because  of  the  limited  information 
coUtained  in  the  various  ground-based  geomagnetic  activity 
indices  used  in  the  investigation. 

® day-of-the-week  dependence:  this  is  noted  in  reference  1. 

The  anomalous  events  appear  to  significantly  favor  the 
weekend.  A similar  trend  can  be  found  in  the  reference  6 
data,  but  here  the  favored  days  are  Friday  and  Tuesday.  A 
further  discussion  of  this  peculiarity  will  follow. 

0 a seasonal  dependence;  an  Increased  likelihood  of  anomalous 
behavior  during  eclipse  seasons — and  a long  term  decrease  in 
the  rate  of  anomaly  occurrences  are  noted  in  most  investiga- 
tions. The  latter  trend  has  been  theorized  to  be  due  to 
materials  degradation  effects. 
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Example:  Which  Hypothesis  to  Choose? 


Similar  to  figure  1,  figure  2 Illustrates  hypothetical  data  for  satellite 
upsets.  The  total  number  Is  one  hundred.  The  data  appears  skewed,  but  It 
supports  various  theories  of  non-randomness  with  quite  different  strengths 


Theory  At  upsets  favor  certain  one-hour  time  periods  over  others. 
In  this  case,  24  data  subdivisions  are  used,  and  we 
obtain  

x"  = 28.14 


probability  = .7893 


Theory  A has  only  minimal  support. 

Thsory_B:  upsets  favor  the  midnight-dawn  quadrant.  Here  t-here 

are  four  data  subdivisions  yielding 

= 5.28 

Probability  = .8476 


Thus,  theory  B receives  mild  -support. 

Theory, C:  upsets  favor  the  0300-0600  and  0600-0900  sectors. 

This  time  there  are  eight  data  subdivisions  and  we 

= 17.12 

Probability  = .9834 


Theory  C seems  well-supported  by  this  data. 

Obviously,  there  should  be  good  reasons  for  choosing  theory  C (for  ex- 
ample,  the  possible  existence  of  a "charge  buildup"  mechanism)  aside  from  Its 
statistical  superiority.  It  is  an  extremely  important  principle  of  inferen- 
. al  statistics  that  hypotheses  should  be  formulated  before  data  is  examined. 

support,  at  least  weakly,  some  theory  of  non-randomness. 
The  problem  of  examining  complicated  data  sets  in  search  of  patterns  or 
clusters  is  discussed  at  length  in  reference  10, 


STATISTICAL  VER.IFICATI0N  OF  SPACECRAFT 
ANOMALY-ENVIRONMKNT  RELATIONSHIPS 


In  the  anomaly  investigations  discussed  in  the  first  section,  and  in 
other  studies,  correlation  analysis  frequently  consists  of  plotting  the 
anomaly  data  versus  the  appropriate  geophysical  parameter  and  attempting  to 
judge  the  degree  of  correlation  by  visual  Inspection.  Unfortunately,  this 
does  not  pnerate  quantitative,  probabilistic  statements  about  the  strength  of 
the  relationship;  as  noted  in  the  previous  section,  it  can  be  misleading,  and 
furthermore,  such  a non-ana lyt leal  approach  can  overlook  subtle  or  weak  cor- 
relations that  may  be  real  and  Identified  with  a high  degree  of  confidence 
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not  show  any  obvious  reXotlonahlp,  but  a statlstlcol  analysis  yields  n weak 
correlation  with  a high  degree  of  confidence  (P  < .001)  because  there  ore  so 
many  data  points  available. 

Example:  Correlation  of  Anomalies  with  Geomagnetic  Activity 

Table  IV  presents  data  for  anomaly  occurrences  versus  geomagnetic  activ- 
ity for  a satellite  discussed  In  references  3 and  13. 

The  geomagnetic  activity  Is  expressed  In  terms  of  the  Index  Dgi  that  Is 
designed  to  measure  the  equatorial  magnetic  disturbance  produced  by  magnetic 
storms,,  with  diurnal  and  local-time  effects  removed.  Increasing  negative  Dg>p 
implies  a more  active  field.  The  basis  for  comparison  Is  the  relative  cumula- 
tive frequency  of  occurr-ence  of  the  two  variables.  Note  that  about  half  of  the 
time,  the  geomagnetic  activity  corresponds  to  a Dgj  > -IS.  Therefore  on  the 
average,  the  anomalies  occur  during  times  when  the  field  Is  more  active  than 
normal.  One  possible  statistical  test  would  be  to  test  the  hypothesis  that  the 
means  of  two  distributions  In  Table  IV  are  the  same.  But  to  do  this  requires 
that  the  theoretical  distribution  functions  for  the  two  variables  be  known 
(ref.  11,  ch.  10). 

It  Is  recommended  instead  that  a distribution-free  test  be  used  to  test 
whether  the  distribution  of  anomalies  Is  the  same  as  the  distribution  of  Dg.|.« 

If  the  two  distributions  were  the  same,  then  there  would  be  no  reason  co 
believe  that  the  anomalies  depend  upon  geomagnetic  activity.  The  Kolmogorov- 
Smirnov  test  will  be  used  since  fewer  than  30  data  points  are  available-  (ref. 

9,  pp. 281-283).  Otherwise  a chi-square  test  would  be  appropriate. 

To  perform  the  test,  the  largest  difference  between  the  relative  cumula- 
tive frequencies  (Table  IV,  middle  column)  Is  noted.  This  value,  .44,  is 
compared  to  tabled  values  of  the  Kolmogorov-Smlrnov  statistic  for  its  signif- 
icance. The  result  is  that  a value  this  great  would  be  obtained  by  chance 
with  probability  less  than  .00003. 

Conclusion:  with  99.997%  confidence,  occurrence  of  the  anomalies  Is 

dependent  upon  geomagnetic  activity  as  measured  by  03.1.. 

Example:  Correlation  of  Anomalies  with  Local  Time 

As  was  noted  in  the  first  section  of  this  paper,  a common  practice  for 
testing  correlation  of  anomalies  or  events  with  1-ocal  time  is  to  plot  the 
time  of  occurrence  on  a polar  representation  of  local  time.  If  the  data  are 
grouped  at  any  particular  time  period  then  the  data  are  judged  to  be  "cor- 
related". If  the  data  are  distributed  over  all  local  times,  then  quite  often 
it  is  concluded  that  there  is  no  correlation. 

More  properly,  the  distribution  of  the  anomaly  data  should  be  tested 
relative  to  a uniform  distribution  over  local  time.  If  the  number  of  points 
is  less  than  30,  then  the  Kolmogorov-Smlrnov  approach  can  be  used.  Otherwise 
use  a chi-square  test. 
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Table  II.  Number  of-  Upsets  Occurring 
In  Local  Time  Segments 
(Hypothetical  Data) 


Mld-OlOO  3 

0900-Noon  5 

0100-0200  3 

Noon-1500  7 

0200-0300  4 

1500-1800  5 

0300-0400  4 

1800-2100  6 

0400-0500  3 

2100-Mld  5 

0500-0600  4 

0600-0700  4 

N=60 

0700-0800  4 

0800-0900  3 

TABLE  III. 


Effect  of  Data  Base  Size 
on  the  Reliability  of  the 
Correlation  Coefficient 


Table  IV. 


Spacecraft  Anomaly  Occurrence 
Geomagnetic  Activity 


Versus 


Charging  Voltages 
When  Eclipsed 


on  Two  Spacecraft 


Vehicle  I 


Vehicle  2 
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summary 


I-K  1,^  preliminary  Spacecraft  Charging  Standard  has  been  generated  as  one  of 
the  key  activities  in  the  cooperative  NASA/AF  Spacecraft  Charging  Investiga- 
tion. The  document  was  initially  generated  as  a "baseline  specification"  and 

Air  spacecraft  charging  community  including  the 

Air  Force,  NASA,  private  industry,  government  labs,  universities,  and  other 
agencies.  The  document  will  be  formalized  into  a Military  Standard  for  Space- 
craft Charging  when  updated  to  include  SCATHA  spaceflight  data. 


format  of  this  paper  is  identical  to  that  of  the  Spacecraft  Charging 
Standard  except  that  Appendix  A:  Spacecraft  Charging  Phenomenon  Background  has 

!!  length  of  the  paper.  The  completa  text, 

including  the  appendix  is  available  through  the  authors.  Comments  on  this 
ocument  would  be  appreciated  and  may  be  sent  directly  to  Dr.  A.  B.  Holman  at 

f lu  information  will  be  incorporated  directly  into  the  next  update 

or  the  standard. 


1.0  SCOPE 

1.1  This  standard  establishes  the  spacecraft  charging  (SCC)  protection  require- 

ments for  space  vehicles  which  are  to  operate  In  the  magnetospherlc  plasma 
environment.  or  r 

environment  can  cause  differential  charging  of  space  vehicle  elements 
which  can  resuU  in  discharges,  with  resultant  propagation  of  electromagnetic 
Interference  (EMI),  material  degradations,  and  enhanced  contamination  effects. 

2.0  REFERENCED  DOCUl'ENTS 


2.1  Issues  of  Documents 


The  following  documents  of  the  issue  in  effect  on  date  of  invitation  for 

bids  or  request  for  proposal,  form  a part  of  this  standard  to  the  extent  speci- 
fied herein: 


* Work  supported  through  contract  F04701-77-C-0166  with  SAMSO. 
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StANDARHS 


Military 

MIL-STD-1541  (USAP)  Electromagnetic  Compatibility  Requirements 

for  Space  Systems 

2*2  Other  Publications 

fled  «-»  ®«ene  sped 

vltatlon  foe  Mds  or  stu^^lj? 

NASA  TM  X-73446  - Provisional  Specification  for  Satellite  Time  In  a 
Geomagnetic  Subs torn  finvlronment 

AFML-TR-76-233  - Conductive  Coatings  fot  Satellites 

AFGL  TR-77-0288  - Modeling  of  the  Geosynchronous  Orbit  Plasma 
Environment  - Part  1 

(T^be  Published)  Guidelines  for  Spacecraft  Charging  Monograph 

NASA  CR-135259  - NASCAP  User's  Manual 

3.0  definitions 

Mfinltlons  -that  APpIv  to  this 

llsteJ1„“rf“rXtar\gJ:pSr  «H-STD-1541  or 

3*1«1  Backsca t tetlng 

en8te“L««“Ja*r9?J  S^re^pe”  tf  t‘S““lgLrd“;SLror«"LS^^^^^^ 

3.1.2  Dlelectrlc-To-Metal  Spai-w 

Charge  T'  “ "l<=>a«rlc 

the  ilclolty  of  thf dielecSlc  f .“flductlve  (metal)  electrode  In 

late  charge  uhen  Irradlat^  bj'.iijj  ? Mterlal  will  typically  accumu- 

when  pieced  In  a Pla^^^  <=““*"  conditions 

3.1.^  Differential  Gharglng 

tlals^^  ?Se  cLS‘effec1fd'sp!crp1;™^^^  r*‘T 

ary  emission  and  backscatter  P P a charging,  photoemission,  second- 


3.1.4 


Faradny  Cnpf> 


“ eenerally  refers  to 

"•.lenotlc  Interf.rewe  to  spoelfu.d  levels  on 


3.1.5 


Fla 8 h-Over  Spark 


3.1.6  Ggomaanetlc  Substorm  Activity 

Sturm  particler?nL“the  eS'f magnetic Injectioft  of  solar 
«lPele  field  and  Increased  nlas„a  energies  an1‘‘c„r««‘'d2sUi:""'’“'“ 

3*  X • 7 


jigging tospheric  P lasma 

an  elacfrS:?^^;:n»arX"::l^°r:u  -^"“-phere.  This  la 

nee'r:;?l?eH'‘Jh‘roJd%"r 

^.i^^glllan  Energy  DlstrlbuMnn 

able  In  a genial  form'^w^'the^spfcrpla^^  statistics  and  appllc- 

tiun  has  the  Integral  form  nvironment.  The  energy  dlstrlbu- 


where 


E/hT, 


* '"'e  !n"!rgT(k!r  aac) 

N - total  number  density  (partlcles/cm^) 
k “ Boltztnann  constant  = 8.6  x lo"®  keV/°K 
T - plasma  temperature  (®K) 
m “ particle  mass  (g) 

It  Is  Interesting  to  note  that  J^Th^  i 

so  that  the  flux  of  all  partlclef  fsITri  the  particles 

density  by  the  average  speed.  ”8  “ 0)  Is  found  by  multiplying  the 

3.1.9  Metia_l-To-Metal  Sp.ifir 

A spark  discharge  betwen  t«,  electrodes  both  of  which  are  conducting. 


785 


3.i.lO 


PhotoerolsHf 


subafe^ncef^causrJ^J^*^^  ’radiation  of  euffin^ 
i^iJ^EOadlated  Snnvi, 


:S 


i^requency  of 

he  electric  and  magnetic-  fields  radiated  fr 

^HBch-Through  cp.,r|r  ®^P* 


^H»£h::£h£g»«h  Spn.j, 

breakdown^of  the*^inl^f  through  the  bulk  of  a di 

3.1.13  R«nl 

-Replacement  Curren^ 


end  wlthirjhe^aJeJSf  “*®  Sap  current  i .k 

--  --in, -- - - 1--  .1-4- 

Secondarj^isgi__ 


" I . 

An  effect  wherebv  i 

or  -.s 

•^eaceEmlsslon 


aasS_B!!Ls.lon  Sn.,1, 

A vacuum  soarlr  />k 

3. 1.1  A c_..  ‘=*‘^>^8®  retaining 


-o^radaxxon  e„.  cotfSn^L^Joo-Xcal 

3.1.17  Snarl,  n._..  P®ets.  materia 


.epa«t- 
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dischairge,  the  spark  la  of  very  short  duration.  It  may  be  osclUatory,  or 
Intermittent*  with  several  discharges  taking  place  In  quick  succession. 

3.1.18  Spark  Discharge  Current 

The  total  current  within  the  spark  gap. 

3.1.19  Spark  Laa 

The  Interval  between  the  attainment  of  the  sparking  threshold  potential, 
and  the  Initiation  of  the  spark. 

3.1.20  Sparking  Threshold  Potential 

If  the  voltage  across  a spark  gap  is  progressively  raised,  a spark  passes 
when  the  voltage  level  has  become  sufficiently  high.  The  lowest  voltage  at 
which  the  initial  spark  will  pass  is  the  sparking  threshold  potential.  Note 
that  the  voltage  may  be  increased  considerably  above  this  value  without  pro- 
ducing a spark,  .'.ftar  one  spark  has  passed  others  may  follow,  at  different 
sparking  potentials. 

3.1.21  Vacuum  Spark  Discharge 

A spark  discharge  taking  place  in  a vacuum  region  with  high  potential 
gradients.  The  electric  field  may  exist  within  a dielectric  or  in  the  vacuum 
region  surrounding  the  charge  retaining  material.  In  the  latter  case  the 
gradients  are  between  the  electrode  and  either  the  vacuum  chamber  walls  or  an 
equivalent  space  charge  surrounding  the  electrode.  In  these  cases  the  poten- 
tial gradients  must  be  sufficiently  high  to  ionize  and  vaporize  the  charge 
retaining  material.  There  are  different  types  of  vacuum  sparks  that  are  of 
considerable  Importance,  each  classified  by  the  configuration  of  the  electrodes 
or  the  characteristics  of  the  current  path  of  the  spark  gap.  These  are  the 
dielectric-to-metal  spark  and  the  metal-to-metal  spark,  each  with  a spark  gap 
path  that  is  classified  as  a punch- through  spark,  a flash-over  spark  or  a space 
emission  spark. 

4.0  GENERAL  REQUIREMENTS 

4.1  Spacecraft  Charging  Protection  Program 

The  contractor  shall  (a)  conduct  a spacecraft  charging  protection  program, 
(b)  prepare  and  maintain  an  analytical  plan  and  (c)  prepare  and  maintain  a test 
plan.  The  intent  of  the  program  shall  be  to  assure  that  the  space  vehicle  is 
capable  of  operating  in  a space  plasma  charging  environment  without  degradation 
of  the  specified  space  vehicle  capability  and  without  changes  in  operational 
modes,  location  or  orientation.  This  performance  must  be  accomplished  without 
the  benefit  of  external  control  such  as  conimands  from  a ground  station^.  The 
spacecraft  charging  protection  program,  the  analytical  plan  and  the  test  plan 
shall  be  approved  by  the  procuring  agency. 
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A.l.X 


Performance 


4. 1.1.1  Rlcctrtcnl  SyatomB 

The  contractor  ahall  asBiire  throup.h  analyala  aml/or  test  that  all  space 
vehicle  electrical  systems  perform  to  specified  capabilities  when  operating 
In  a space  plasma  charfilng  environment. 

4. 1.1. 2 Materials 

The  contractor  shall  assure  through  analysis  and/or  test  that  all  space 
vehicle  materials  which  may  be  exposed  to  a space  plasma  charging  environment 
will  retain  specified  capabilities. 

4. 1.1. 3 Contamination 

The  contractor  shall  assure  through  analysis  and/or  test  that  any  contam- 
ination effects  due  to  electrostatics  Induced  by  a space  plasma  charging  envi- 
ronment will  not  degrade  the  performance  of  space  vehicle  surfaces  or  elements 
below  specified  capabilities. 

4.1.2  Design 

4. 1.2.1  Electrical  Systems 

The  contractor  shall  design  all  space  vehicle  electrical  systems  to  per- 
form to  specified  capabilities  in  a space  plasma  charging  environment.  This 
may  Include  protective  design  measures  compatible  with  MIL-STD-1541  (USAF) . 

4. 1.2.2  Materials 

The  contractor  shall  use  materials  in  the  space  vehicle  design  that  will 
perform  to  specified  capabilities  in  a space  plasma  charging  environment.  Any 
protection  features  incorporated  to  reduce  material  damage  must  not  reduce 
material  performance  below  specified  levels. 

4. 1.2. 3 Contamination 


The  contractor  shall  design  the  space  vehicle  to  minimise  the  effects  of 
contamination  enhanced  by  a space  plasma  charging  environment.  Any  contamlna 
tlon  present  must  not  reduce  performance  of  space  vehicle  systems  below  sped 
fled  capabilities. 

5.0  DETAILED  REQUIREMENTS 

5.1  Performance 


5.1.1  Electrical  Systems 

Space  vehicle  electrical  system  outage  Is  permissible  dnrliig  a discharge 
If  operation  returns  to  normal  within  a telemetry  main  frame  period  after  onset 


of  the  discharge.  A command  to  the  space  vehicle  from  an  external  source  such 
as  a ground  station  Is  not  recjulred  to  be  completed  if  a discharge  occurs  dur- 
ing transmission  of  the  command,  provided  that  an  unintended  action  does  not 
result  and  provided  that  the  space  Vehicle  Is  capable  of  receiving  and  execut- 
ing subsequent  commands  and  meeting  specified  performance.  Space  plasma  In- 
duced electrical  transients  shall  not  affect  on  board  digital  data  beyond  the 
specified  design  limits.  Conditions  outside  of  specified  limits  for  electronic 
equipment  due  to  space  plasma  induced  electrical  transients  shall  be  prohibited. 


5.1.2  Materials 


Thermal  control  surfaces,  second  surface  mirrors,  and  solar  cell  cover- 
slides  shall  not  degrade  in  thermal  or  optical  properties  or  structural  in- 
tegrity in  a space  plasma  charging  environment  below  the  level  rcquxred  to 
perform  to  specified  capabilities.  Space  vehicle  structural  elements  shall 
not  be  permitted  to  degrade  in  mechanical  properties  in  a space  plasma  charg- 
ing environment  below  the  level  required  to  perform  to  specified  capabilities. 

5.1.3  Contamination 

Contamination  of  thermal  and  optical  space  vehicle  elements  due  to  space 
plasma  charging  effects  shall  not  degrade  performance  below  the  specified  capa- 
bilities. Contamination  of  any  other  space  vehicle  elements  or  subsystems  shall 
not  reduce  the  operational  performance  of  the  space  vehicle  below  its  specified 
limits. 

5.2  Design 

5.2.1  Electrical  Systems 

Space  vehicle  electrical  systems  shall  be  designed  such  that  transients 
induced  by  space  plasma  associated  discharges  do  not  interfere  with  space 
vehicle  performance.  Where  practical  this  shall  be  accomplished  by  pulse 
duration  discrimination.  Where  this  is  not  practical,  other  design  techniques 
shall  be  utilized  such  as  filtering  and  RF  shielding  of  selected  wiring  har- 
nesses. The  following  design  techniques  shall  be  incorporated  and  made  com- 
patible to  MIL-STD-1541  (U'.AF)  specifications. 

(1)  All  electronic  boxes  should  consist  of  solid  metal  enclosures  with  no 
openings  which  permit  the  penetration  of  significant  EMI. 

(2)  All  metallic  structural  elements  and  other  conductors  shall  incor- 
porate sufficient  common  grounding  to  prevent  metal  to  metal  discharges. 

(3)  All  metallized  surfaces  on  thermal  blankets  shall  incorporate  mul- 
tiple grounds  to  the  space  vehicle  c»' '.ducting  structure. 

(4)  The  space  vehicle  structure  should  provide  a **Faraday  Cage'  design 
with  a minimum  of  openings  to  prevent  radiate^  EMI  generated  on  the  space 
vehicle  exterior  from  propagating  to  internal  locations.  This  may  not  be 
necessary  if  it  can  be  shown  by  analysis  and  test  that  the  Faraday  Cage 
is  not  required. 


5 , 2 . 1 , 1 UoH  tan  (Uitdo  I tno^H 

Iho  doHl^n  (UitcloHiu'K  present  design  features  wiilcli  will  reduce  the  levels 
ot  dlsehargiuR  on  the  space  veiilcle  and  the  effects  of  SCC  on  electrical  sys- 
tems. The  desifin  guidelines  os  presented  lit  the  "Design  Guidelines  for  Space- 
craft Charging  Monograph"  (NASA  document  to  be  published)  should  be  followed 
wlierever  applicable.  The  monograph  provides  further  detail  on  the  design  tech- 
nlcjues  given  In  Section  5.2.1. 

5.2.2  Materials 


Materials  used  in  the  space  vehicle  design  shall  be  selected  to  minimize 
dlfierentiai  charging  and  discharge  effects  from  a space  plasma  charging  envi- 
ronment while  maintaining  specified  performance  capabilities.  All  dielectric 
materials  used  on  exposed  surfaces  should  be  tested  or  analyzed  to  determine 
their  discharge  characteristics  in  a space  plasma  charging  environment.  Sur- 
faces located  Internal  to  the  outer  space  vehicle  Structure  should  be  shield- 
ed from  the  space  plasma  environment  by  eliminating  openings  in  the  structure. 
Design  guidelines  as  presented  in  the  "Design  Guidelines  for  Spacecraft  Charging 
Monograph"  (NASA  document  to  be  published)  should  be  followed  for  materials 
applications. 


5.2.2  Contamination 


Space  vehicle  design  shall  incorporate  techniques  which  minimize  outgasslng 
and  other  sources  of  contamination.  Kxposed  surfaces  which  are  most  susceptible 
to  ellects  of  enhanced  contamination  due  to  space  plasma  charging  shall  be 
identlf  ied  and  protected  where  necessary. 

6.0  SYSTIJM  ANAl.YSIS  REQUl RF.MKNTS 

1 Cliarging  Analysis  P 1 an 

Tlie  contractor  sliall  prepare  and  maintain  an  analytical  plan  for  SCC.  The 
plan  shall  be  subject  to  approval  by  the  procuring  agency.  The  contractor  shall 
implement  the  plan  to  analyze  the  space  vehicle  for  the  effects  of  SCC.  The 
analysis  plan  should  complement  the  test  plan  and  the  analysis  should  generate 
data  useful  to  identifying  susceptible  design  areas  and  quantifying  representa- 
tive test  levels.  Analysis  procedures  as  presented  in  the  "Design  Guidelines 
lor  Spacecraft  Charging  Monograph"  (NASA  document  to  be  published)  should  be 
loll  owed  whoro  app  I i cabl  c*. 

^ Anji  l y s i s (Umuh^I  s 


Analysis  ol  iho  SCC  plu'nonit'na  Is  bast'd  on  four  primary  modoHnp,  arras: 

(1)  Space  plasma  t'nv  I rnnnu'nl  model 

(2)  Sheath/chanvlnp  modeling 
( 3 ) D I sc  ha  rp,e  mode  1 i ng 

(4)  KHI / coup] lug  mode  1 Ing 


790 


Models  are  being  developed  and  will  be  p * 

ments  of  SCC  effects  on  space  vehicles  Thi  analytical  treat- 

models  or  others  sultable^to  the  orocur^n!^  contractor  shall  utilize  these 
Vehicle  performance  ausceptlblllty  to  analyzing  the  space 

elons,  and  coneanlaatton  n“cta  due  sc" 


6.2  a 


Space  Plasma  Environment  Wnriolc 


frequencies  of  occurrence  and  duration  of  SJosure  S !n  ® estimating 
faces  to  the  Various  environment  const itupnS  ! ^ vehicle  sur- 

and  current  densities  JSfcoLtUuenJs!"''  estimating  the  energy  levels 


6.2.2 


Sheath/Chargine  Modpla 


tremes  of  differential  charging  levels  for^sn  M T®**  determine  the  ex- 
surfaces. This  require.^  InLt^from  thp^^  ^ vehicle  elements  and  exposed 

the  specific  space  vehicle  geometries  anclid?™^??i”‘°?®^®  application  to 
the  incorporation  of  the  characteristic  tnateria!  ^^0^6^168?" 


6.2.3 


Discharge  Models 


log  levels  a!  =”'»leted°fio^%hrah2th/ctaJgtaf  ilfferentlal  charg- 

by  the  analysts.  ''bl.lcle)  and  structural  current  levels  shall  be  generated 


6.2.4 


^I/Coupling  Model. q 


structur^l  curJent^as^calcIllaLd^fr^^  in  radiated  EMI  and 

space  vehicle  geometries  E.rimae,  discharge  model  lot  representative 

trlcal  tra„slen^s  shall^H  by  tjra“:?ys1s?''“"“'“°“" 

^•3  Analysis  Procedures 

area  ^°electr^ai\SnSr''*iraddltr‘"'  “f 'CC  effects  In  the 
applicable  to  determine  material  deeradnM"’  should  be  applied  where 

general  the  SCC  phenomLrm^deJs  shalf L u?iUzeS°f""''rf 
tremes  of  effects  on  the  specific  space  vehlclp  J worst  case  ex- 

condltlons  which  would  result  In  donv^ti  a these  extremes  present 

specified  leyols).  ^Hen  i^"e  do  Jj^d  '^e  „TtL''nt*'''  ■’"f”;"?"" 
porfotmed  as  a second  Iteration  of  the  analysis  mrioL 
approach  will  provide  more  reallsi-ip  pph?  ^ p I ^ ^ ®®  conservative 

case  extremes,  but  at  the  added  exncnsp  effects  than  the  worst 

ing  treatment.  ^ ^ detailed  analytical  model- 
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6.3.1 


Electrical  Tranal^nts- 


The  procedure  for  analyzing  the  space  vehicle  for  electrical  transients 
Induced  by  SCC  follows. 

(1)  Determine  the  frequency  of  occurrence  and  duration  of  periods  of 
space  plasma  charging  using  the  environment  models  for  the  particular 
orbit  and  mission  of  the  space  vehicle.  Generate  environment  Inputs 
for  (2). 

(2)  Determine  extremes  of  differential  charging  levels  for  the  space 
vehicle  elements  and  surfaces  based  on  sheath/ charging  model  analysis. 
Determine  capacitance  of  the  space  vehicle  material  configurations  and 
for  locations  susceptible  to  charging  (Including  capacitances  within 
thermal  blankets  and  between  thermal  blankets  and  other  structural  sur- 
faces) . Determine  the  charge  and  voltage  levels  of  the  capacitors. 

(3)  Determine  extremes  in  amplitudes,  frequencies  and  general  character- 
istics of  discharges  on  the  space  vehicle  based  on  discharge  model  analyses 
and  material  test  results.  Determine  most  likely  discharge  locations. 

(A)  Determine  extremes  in  radiated  EMI  and  current  injection  into  the 
space  Vehicle  structure  for  the  expected  discharges. 

(5)  Use  a coupling  model  in  detail  to  determine  the  frequency  of  occur- 
rence and  characteristics  of  induced  transients  in  all  space  vehicle 
electrical  systems,  including  wiring  harnesses,  circuits,  and  components. 

(6)  Determine  the  effect  of  these  electrical  transients  on  space  vehicle 
performance. 

6.3.2  Material  Degradation 

The  procedure  for  analyzing  the  Space  vehicle  for  material  degradations 
caused  by  electrostatic  discharge  follows.  This  should  be  followed  where 
applicable. 

(1)  Determine  the  frequency  of  occurrence  and  duration  of  space  plasma 
I'harglng  using  the  environment  models  for  the  particular  orbit  and  mission 

of  the  space  vehicle.  Generate  environment  inputs  for  (2). 

(2)  Determine  extremes  of  differential  charging  levels  for  exposed  space 
vehicle  surfaces  based  on  sheath/charging  model  analysis. 

(3)  Determine  the  locations,  frequencies  and  energy  content  of  discharges 
from  these  surfaces  based  on  the  discharge  model  analysis. 

(A)  Determine  the  mission  Integrated  effect  of  these  discharges  on  the 
thermal,  optical,  and  mechanical  properties  of  the  exposed  materials. 

(5)  Determine  the  effect  of  degradation  In  any  of  the  material  properties 
on  space  vehicle  performance. 
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6,3.3 


Contamination 


analyzing  the  st>ace  vehicle  for  effects  af  contamination 
caused  by  SCC  follows.  This  should  be  followed  where  applicable. 

^S®  of  occurrence  and  duration  of  space  plasma 

*"*  «»it  “J  •l«l6n 

or  tne  space  vehicle.  Generate  environment  Inputs  for  (2). 

(2)  Determine  characteristic  profiles  of  fields  and  potential  dlstrlbu- 

th^  J^®  ®**®®®  ^o^fole  and  surface  charge  distributions  on 

the  space  vehicle  from  the  sheSth/charging  model  analysis. 

ivL  characteristics  of  the  outgassing  products,  propulsion 

system  gaSes,  and  discharge  sputtered  material  from  the  space  vehicle. 

(4)  Determine  extremes  in  radiated  EMI  and  current  injection  into  the 
space  vehicle  structure  for  the  expected  discharges. 

effect  on  space  vehicle  performance  of  thermal  or  opti- 
cal degradation  of  the  material  surface  properties  due  to  this  contamlL- 
tlon  (including  degradation-  of  this  contamination) . 

7.0  SYSTEM  TEST  REQUIREMENTS 

7.1  Spacecraft  Charging  Test  Plan 

..u  11^^®  prepare  and  maintain  a test  plan  for  SCC.  The  plan 

agency.  This  plan  shall  Include 

but  not  b6  limited  to  the  following: 

(a)  Measurement  Instruments  and  test  equipment 

(b)  Test  -conditions 

(c)  Test  methods 

(d)  Test  analysis  and  verification 

The  complementary  to  the  SCC  analysis  plan  (see  Section  6.1). 

The  contractor  shall  Implement  the  plan  to  test  the  space  vehicle  susceptibility 
to  the  effects  of  SCC.  Test  procedures  as  presented  in  the  "Design  Guidelines 
for  Spacecraft  Charging  Monograph"  (NASA  document  to  be  published)  should  be 
followed  where  applicable. 

7.2  Measurement  and  T-est  Instruments 
7.2.1  Measurement  Instruments  - 

The  equipment  used  to  monitor  space  vehl»:le  susceptibility  to  SCC  caused 
transients  shall  be  capable  of  measuring  signals  with  adequate  accuracy  to  a 
level  of  6 dB  below  the  unit,  subsystem,  or  nystem  requirements.  These  Instru- 
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roenta  should  provide  adequate  bandwidth  and  proper  time  response  to  meet  the 
t68t  measurement  requirements, 

ed  Usrsh^l/hrmia  recorded  for  later  analysis  as  need- 

tr^naiertc  J “^de  of  wideband  oscilloscopes,  spectrum  analyzers,  wideband 
ildehaS  RF  circuit  monitors,  recorders,  current  meters  and  probes, 

wideband  RF  detectors  and/or  other  instrumentation  capable  of  monitoring  unit 

theTprovU  7t  tT  *=1iipm«nt  used  I„  this  testing  sh^ll  huve 

Kst  plir  PPPO-ring  agency  and  be  fully  deaerlbed  In  the  applleable 

^h«  techniques  and  instrumentation  accuracies  shall  be  discussed  in 

the  test  plan.  Any  peculiarities  in  operation,  performance,  or  output  in  the 
measuring  Instruments  shall  be  also  discussed  in  the  test  plan. 

telemetry  equipment,  aerospace  ground  equipment,  and  EMC 
^IL-STD-ISAI  (USAF»  used  in  these  tests  shall  be  described 

b^  5LcrlbIi‘’ir;belLt'’pUn“’' 

7.2.2  Test  Equipment 

Special  equipment  used  to  simulate  SCC  effects  on  units  subsv.?i-<Mn«  nr 

speafLriiilts  '‘Thlft“‘t^“  '«'’‘=allbr.;ted'ulthlft 

pecitied  limits.  This  test  equipment  should  include  devices  to 

(1)  Induce  charge  density  levels  of  up  to  lO"'  coulombs/m^"  on  the  exposed 
surfaces  of  the  space  vehicle  structure  <-xposed 

oTtesting^"^  surrounding  grounds  during  periods 

(3)  Directly  Inject  currents  of  up  to  300  amperes  into  the  space  vehicle 
structure  at  selected  critical  test  points.  Lower  levels  may  be  sJown 
adequate  through  analysis  ^ 

intensity  and  characteristics  at  selected 
-iltlcal  test  points  external  to  the  space  vehicle 

test  points'^  electrical  pulse  of  specified  energy  at  selected  critical 

This  equipment,  its  operation  and  Its  use  for  SOC  testing  shall  be  approved  bv 
the  procuring  agency  before  any  testing  of  the  space  vehicle  is  started.  ^ 

7.3 

^ ^ ^ 1..  t^/diibsystom  Tost 

units  and  subsystems  should  follow  the  procedure 
outlined  in  Design  Guidelines  for  Spacecraft  Charging  Monograph"  (NASA  docu- 
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7.3.2 


System  Teat  Condlfcff»^o 


««£SH€r££rv^^ 

'•«  lest  «.ru^.  *"“““  1”  space. 


7.4.1 


jfaLt/SubSvsteni  Tao^  Mrfhnii 


and  eX«« 

gyate,  Teec  «■»  facing. 

^anecSr  -Uoneg 

|uccre^%X\.r„-  -dng  CHe  spec.  veKdcle 

plate  of  the  capacitor  (a  test  olat#.  and  discharging  the 

teat  polece).  .^ec  UveU  dt.™S\1 

syate^'^'Lr^-*”'^  ‘"  '-a  ^aae  ^„„er  ..  chac  roc  cHe  o„rc/sub- 

test  points  sHaII  u 

u^rv^iz:,t^Tr.V'  ‘X“diic\“r  rr 

capaUacrerri'S  --  “ 
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7*5  Test  Analysis  and  Verification 


The  measurements  recorded  during  the  SCC  tests  shall  be  analyzed  and  used 
to  verify  that  the  space  vehicle  performs  to  specified  levels.  Transients  shall 
be  shovm  to  be  below  upset  levels  for  all  critical  circuits  and  components  In 
electrical  systems.  Thresholds  for  upsets  of  space  vehicle  critical  circuits 
and  components  may  be  measured  at  the  unit  level  or  calculated  analytically. 

The  method  chosen  Is  subject  to  approval  by  the  procuring  agency.  Protective 
features  shall  be  Incorporated  for  all  electrical  systems  to  correct  any  per- 
formance below  specified  levels.  The  effectiveness  of  the  protective  features 
shall  be  demonstrated  by  further  test  and  analysis. 

7.6  Material  Degradation  Tests 

All  materials  used  on  exposed  Surfaces  in  the  space  vehicle  design  should 
be  characterized  for  their  performance  In  a space  plasma  charging  environment. 
This  information  may  be  obtained  from  the  literature,  e.g.  the  "t)esign  Guide- 
lines for  Spacecraft  Charging  Monograph"  (to  be  published  by  NASA)  or  from 
material  tests  for  new  materials.  Life  cycle  testing  should  be  Incorporated 
where  applicable  and  where  considered  necessary.  All  materials  are  subject  to 
approval  by  th6  procuring  agertcy# 

APPENDIX  A:  SPACECRAFT  CHARGING  PHENOMENON  BACKGROUND  (Available  upon  request) . 


I^N79-24051 


SPACECRAFT  CHARGING  MODELING  DEVELOPMENT  AND  VALIDATION  STUDY* 

E.  E.  O'Donnell 
Science  Applications*  Inc. 

summary 


Prediction  of  the  effects  of  spacecraft  charging  requires  validated  analyti- 
cal models  of  the  magnetospherlc  environment,  the  charging  Interaction  between 
the  spacecraft  and  the  plasma  sheath,  the  discharge  phenomena,  electromagnetic 
coupling  from  the  discharge  to  spacecraft  components,  and  Of  material  damage. 
This  paper  reviews  the  analytical  models  now  available  and  describes  the  use 
of  SCATHA  data  and  ground  tests  to  validate  the  models. 


INTRODUCTION 


One  of  the  objectives  of  the  cooperative  NASA/Alr  Force  Spacecraft  Charg- 
ing investigation  is  to  ensure  that  validated  analytical  models  are  developed 
which  are  capable  of  predicting  the  Interaction  of  spacecraft  with  the  environ- 
ment. Historically,  modeling  activity  has  been  divided  Into  four  regions: 

« The  undisturbed  environment 

e The  plasma  sheath  surrounding  the  spacecraft 

• The  spacecraft  surface 

• The  spacecraft  Interior 

Models  must  be  capable  of  predicting  the  degradation  of  the  spacecraft 
due  to  Its  Interaction  with  the  environment.  This  degradation  can  fall  into 
two  categories:  (1)  anomalies,  which  are  interruptions  In  service  due  to 

electromagnetic  coupling  of  static  discharges  Into  sensitive  electronic  clr’- 
cults,  and  (2)  materials  degradation,  such  as  changes  in  thermal  absorption 
and  emission  coefficients.  Anomalies  can  be  temporary,  such  as  the  upset  of  a 
digital  logic  circuit,  which  is  rSstorable  by  ground  command,  or  permanent 
damage  due  to  burnout  of  semiconductor  elements. 

Emphasis  to  date  has  been  put  on  solving  the  anomaly  problem,  but  with 
long  mission  life  requirements  expected  for  space  systems,  material  degradation 
may  become  extremely  important. 


* Hark  supported  through  Contract  F047 01-77-0^0166  with  SAMSO  and  Contract 
NAS3-21048  with  NASA/LeRC. 


ANALYTICAL  MODELS 


Environmental  Models 


electron  and  lon"concLtratLnr^partL  "‘^Snat08,.heric  substorm  in 
rence.  A comprehensive  model  should  InJludr’^®^^®'  probability  of 


terms  of 
occur- 


Electric  and  magnetic  fields 

Plasma  particle  Identities  and  number  densities 
Particle  fluxes  and  current  densities 
Particle  energy  spectra 


Particle  angular  distributions  (Isotropy,  field  alignment,  etc.) 
Temporal  variations  of  plasma  parameters 

*^p*  ^p  ‘^®P®ndence  of  plasma  parameters 
Spatial  dependences 

actlvity^*^^^^  various  severities  of  substorm 


AFGL  modeL  uL'aUy'l^orirthrJ"\"‘°""'-"  available  and  In  use  today.  The 

with  data  from  the  SCi>,THA  satellite^  wlll^be^i  Atlas  (Ref.  1).  when  updated 

as  the  standard  reference  for  ma^np^nr!.  ? serve 

has  computed  Substorm  conditions^nd  probIbllir^''°"r"‘'®‘  5) 

chronous  orbits.  probabilities  of  occurrence  for  subsyn- 


Sheath/Charglng  Models 


the  eL^%rom::net!;:iL^^d  ‘=»*-Blng  condition, 

the  particle  trajectories  and  fluxL  1^1^  surrounding  the  spacecraft  and 
purposes.  It  is  sufficient  to  determine  Hie  ^®Slon.  For  engineering 

distributions  on  the  spacecraft  Lrfac^  but  condition:  potential 

Sheath  fields,  particle  trajec  orJIs!  and  pLt?cln%?r'“^"  Payloads,  the 
importance.  * ° Particle  fluxes  may  be  of  extreme 

arc  of"?JreqiJ®anit*circul‘t  typ“'°doscrlbcd’’b'‘‘'‘f ®"  °’'f "‘“‘‘“"a.  aaually 
(«e.  Mere  e„pb1er.caced  J 


sheath/charging  analyaea.  ' Table  2 Usta  the  models  used  for 

The  most  ambitious  model  to  date  Is  tho  naqpap  a a 
Se-lence,  and  Software  for  NASA  (Ref  14)/  developed  by  Systems. 

Discharge  Models 

billty  tncreases^tharthe^surfaM  wlirdla'^h^'  dielectric  eurlace,  the  proha- 
another  aurlace  of  lower  potential.  Dlsch“^^L*%au“L“r^hSLtrLs  = 

‘ SjSe„rti«a“"‘‘=  ‘ - »«»-„  two 

• Blowoff  - the  expulsion  of  charge  to  free  space 

charge  expulslo^..°anr!t‘*is^?L^tLrde^^^  of  discharges  will  result  in 
the  single  .ost  Important  pailt“rii'SSng  disctrge"i““' 

pulse  shaii°'Jh?MMiJ*releaied*’Sta  '^''t  current  amplitude  and 

current  paths,  and  the  dependence  if  t\%::%«\rfirLi;ig“"?la";n:r’ 

• Surface  area 

• Dielectric  properties  (Teflon.  Kapton,  etc.) 

• Material  juxtaposition 

illumination^  etc^/^°"^  (electron  and  ion  spectra,  photo 

are  simply  aggregationf^^f  data  tiertogether^witl  which 

(2)  qualitative  models,  which  oostulatP^a  ni  a relationships; 

mathematical  formulations;  and  (3)  DhvslraP^^J'^?^  process  but  do  not  attempt 
a fundamental  physics  approach  to^xnLlSlip“I!?^^^  attempt  to  formulate 

no  suitable  models  of  anj  category  Slst  ilMr':^?"  Phenomena.  At  present 
existing  and  those  in  development!  ^ describes  the  models  now 


.<1 


‘ V 
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Coupllng/EMI  Models 


The  CoupUng/SMl  models  are  used  to  predict  the  electromagnetic  Interfer-” 
once  (EMI)  at  sensitive  electronics  v>ackag©s  due  to  the  dielectric  discharge. 
This  can  be  done  In  one  or  two  steps,  depending  upon  the  analyst. 

In  the  ofe-stet  approach,  as  was  used  by  Inouye,  et.  al,  (Ref.  19)  an 
EMI  model  of  the  spacecraft  Is  devised  and  a standard  EMI  computer  code  such 
as  lEMUAP  or  SEMCAP  Is  used  to  predict  Interface  transients.  In  the  two-step 
approach,  a time-domain  electromagnetic  analysis  Is  performed  to  predict 
spacecraft  structural  currents  and  Internal  fields.  Then,  using  a transient 
circuit  analysis  code  sucli  as  SYSCAP,  the  transient  interface  and  voltages  and 
currents  are  predicted. 

Table  4 lists  the  codes  available  for  Coupling/EMI  analyses. 


Buried  Component  and  Cable  Models 


High  energy  electrons  (trapped  radiation)  will  penetrate  spacecraft 
surfaces  and  deposit  charges  at  depth  in  the  spacecraft.  It  has  been  shown  by 
Beers  (unpublished)  and  Wenaas  (Ref.  20)  that  spacecraft  cables  can  accumulate 
sufficient  charge  to  approach  breakdown  conditions  in  the  cable  dielectric. 

It  is  expected  that  other  burled  dielectrics,  such  as  capacitor  dielectrics, 
printed  circuit  boards,  etc.,  could  also  experience  breakdown. 

Of  the  burled  components,  only  the  cables  have  been  treated  analytically, 
and  these  analyses  are  not  adequate  to  predict  the  spacecraft  performance.  It 
should  be  noted  that  in  the  event  of  an  exoatmospherlc  nuclear  explosion, 
trapping  of  fusion  product  beta  radiation  could  lead  to  severe  high  energy 
electron  environments.  In  which  the  burled  component  discharge  phenomena  could 
well  dominate  magnetospherlc  plasma  effects. 


Materials  Damage  Models 


A materials  damage  model  would  relate  Important  materials  properties 
(emission,  absorption,  electrical  and  thermal  conductivity,  etc.)  to  sample 
charging  and  dis.. barging  history.  Though  some  data  exist,  no  attempt  has  been 
made  to  formulate  even  a phenomenological  model. 


MODEL  VALIDATION  ACTIVITIES 


The  previous  section  has  shown  that  a variety  of  analytical  models  have 
been  developed  or  are  being  developed  for  spacecraft  charging  analyses.  This 
section  describes  the  ground  and  space  programs  which  will  be  used  to  validate 
the  models. 


SCATHA  Model  Validation 


uaofal  to  doocrlbe  in  dotoll^th^^J^  toble  i«  aoBnuity  in  notnre,  it  will  be 
Two  exanpleo  will  be  eJvenJ  ' ° "‘I*  “»«•• 


SCl-1,2,3 

SC1-8B 


valddatlon  of  NASCAP 

validation  of  discharge,  coupling,  and  EMI 


NASCAP  Validation 


S;  :“.‘ssis'.;“£“r;  ;™“v  * “i,r“;;r:,-ES'S. 

durlng'*SC4^(electron^and°Ln^  monitoring  the  SSPM  readings 

SSPM  potential  afa  function  ITliTT  P^^^dlctions  will  be  made  of  tL 

capab.  Of  predictL^-Srpoteltil-  ^o-^-tlT  ^h^Tl-d^i^^^  to  be 


Discharge,  Coupling,  and  EMI  Model  Validation 


EMI 


Data  from  the  Narrowband  Pulse  Analyzer 
and  discharge  models  as  follows: 


can  be  used  to  validate 


coupling/ 


analysis,  it  will  be  possible  to 
select  likely  discharge  positions.  Those  positions  will  be 
the  source  locations  for  a time-domain  coupling  analysis  The 


The  coupling  calculations  will  predict  SCATHA 
currents  and  near  fields  as  functions  of  time. 


structural 
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wit  SCI  Lb  jLr  "“I  l>0  compared 

•inMi  oi  roeasurements.  The  source  terras  will  be  Iterated 
until  agreement  is  satisfactory.  *i-ura.ea 

* Provide  Internal  fields.  Cable 

ami  1 be  predicted  using  standard  circuit 

analysis  routines  and  the  results  compared  with  the  incernal 
monopole  and  loop  antenna  results. 

can  ba"ld:LuaaTL^nu:?"  ‘’^LLTalLoJo 

that  one  of  the  material  Lmnli^«  n ^ measurements  Indicated 

a transient  at  the  same  time,  then  thl^^sSPM  slneir  SC1-8B  detailed 

source  of  the  discharge.  ^ single  could  be  assumed  to  be  the 


GROUND  TEST  PROGRAMS 


data  tor°tho'’envSLaiLLnLl”Li';  ““ /Almaty  purpoae  of  SCATKA  is  to  provide 
data  for  vallLatlLnra.L  .f  Wcl“"-8<oe  models.  Thus  the  bulk  of  th" 

must  be  obtained  via  ground 'tests  ^ 'Tabl"^fi  material  damage  models 

and  othe-  validation  fctivitlef  ti,,r  f ! compilation  of  ground  tests 

been  completed.  Comments  on  selecied^f  foJtrfollol  ^ recently 

at  NASA  LeRc!°and^^^umbL''of\l^^^^^^^^  t es”t rhlve ‘ r"  exposures 

of  NASCAP  with  the  Laframboise  code  will  be  LVitia^  ^ comparison 

mine  the  effect  of  the  corners  in  the  NAsrw  «’°on  and  should  deter- 

nique  assumes  an  infinite  cvUtidrfc  1 Laframboise  cech- 

ohouid  provide  good  compa.  iso.;L":i:r^;br 

atro„rLi‘rLoLLrdo;L;;d:;,,,'L'':'  Toro„t„,  i„dicato 

and  energy  upon  sample  .area.  IV  ik  imi.l  VtM.I  • '!  " amplitude,  charge, 

power  of  area,  total  rharge  is  nnunu-  iontj  t to  the  half 

to  the  three-halves  power  of  are,  The  m l I proportional 

Bcwtter,  sr™  r.,  _ i./ ^ '“"'C  ""ro 

cxprri.!u.Lr"L;c 

This  program  should  provide  * 1 1-  lii  'i  .•  ' ' with  SAMSO  funding, 

sourro  for  „.s,.  I;''.'™' ' 'x' IhUion  of  fhe  dlscharL’c 

and  f^r%M^t”Lli,Lp'a/'L^|^^^^^  p ''ia!”Thl' '7  ' T'' 'l  ' 1"'  '"'"■""''""’''cl  vallda.Ion 
dardlaairon.  Ais,,.  Ls.„  •.  . ‘ .'.Vw':'  ' .vT”’. 

the  discharge  me.  l, a, lisp.  ||  i ;!  i ! »«  < lmM|.ie  i l.a»  best  repre.sents 

wm  .Sln-Plilv  the  i.der^MetV.lien'e,  r'uH-  ^ « ‘bat 


.1  . 


Hf'COMMKNDAT  I ONS 


charging  models.  . "•InJn'um  validated  enWnmVm 

pulse  (SGEMP)  effects  k «"‘^iysls  of  sy«tem-eeiierlt  !i  . "®*  "‘""her 

discharges.  he  used  for  studies  of  olot  trom^*'^  ®Jcctromagnetlc 

^Icx  tromagnetlc  coupling  front 

‘•■actrUal  p,.e„„.e„„„, 

''■«  -J^vsu:  ru,:xv:::rr“'‘-  ^ 

confidence  in  scaling  i ‘'*nd  quantitatively  thnr  -^  Phenomenon  are 

--sn  --  - ••---Cds...  »pecrnctz™r"L^\'rL;‘"a";3 

What  is  needed  "i  # i 
- -u  a„d 

This  ITJ"  !i:\T  "Tz‘“ 

an  o.oraU  system  assossmeat  ■""'  sl,u„,a  nfl ‘."f 

(iTSl  aTp^^Jt’r^  Wmnla.iap  p,aa„^, 

KMI  .malys^sras  In  " ••■“>>  Mu^l," yl L ''"‘‘'a'n 

won  as  I*;;;;:,- X’:?)-  :;;r."”'-  •■■"“ 

KKKKRI:nc|.;s 


1. 


Knvlronnient.  Part  1*’’  apO  * 'll”’’  '’'’"•‘^V"''I'romM,s  o,|,i,  i.i  , 

ana,,  i)i>ct'm|>or  107;.  '’'i>u  Plasma 

at 

'•  ’‘’»P.,  Aur,>i};l  |U7(,. 


In  B..OI In 

J’f-..-'Ani^u';ai::c.^nt 

Magm'tOHphcrlc  Pl.ismaH,  A.  Roson,  J976.  >>  V 

llillrV  tlharRlriK  1‘rubabi  lit  les  as  a Function  of 

ti  ,tlui  am"'"  ""  Nuclear  and  Space 

KaUiailon  LMcnts.  Alhuquorquo,  NM,  July  19/8. 
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»ov4;"?’h78!“ CharBlnB  TonhnoloB,  Conforonne, 

a.  Pnrkor.  I..  w. ; BlfforonUal  fdiarBloB  ol  Nom  oinlu.  t iiiB  Spnoocraft 

B»r?  i i »"  ‘In'  Kfloit  ol  tho  lonosplioio  on 
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11.  Lji framboise,  .1.  i;.  and  Prokopenko:  Numerical  Simulation  of  Spacecraft 
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TABLE  1.  - ENVIRONMENTAL  REFERENCE  SUMMARY 


AFCL  Scstiaclcal  repreaeaCAtlon.  of  eubacom  Pro-1975  data 

(Reference  6,7)  Cluxea,  rapid  time  variaclona  of 

poceaclala. 
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THE  control  of  spacecraft  CHARGING* 
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Science  Applications 
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f Inc. 


MAC*  . . oerKop^^ 

NASA  Lewis  Research  Center 


oJ  h i®*  9"  «'«'  program  technica  manao^^r  *''®'  '®"  ‘>®  “®e'l  by  space- 
of  hardening  their  satellite 

crafrrf\“^^^  ®®ro“Sce^ndus"r^p^opT'■^'’  ‘7‘  ’"“""®*«®  with 

h.storyt:„^::fi:,i^“r  r"tr''“'*‘'.'"  ^ 

ve?p:r^~nh^Va\trS 

explanatory  Information.  ®'"v«ew  reports  and  sohie  general  background  and 
The  dossief*  was  j 

NAM*Ll«r  ®9®®®®roft  ChargIng""hS'|h"^f®?  b"‘°  m!”!!®®™'’''  *'''®^  "Oasign 

« : 9,x%r?ersvTii?g?  proa^:^•®^'r 

analysis  and  5)  spacecraft  subsystem  design,  4) 

?"""**  '"f?™f‘io".  a s^lX'S?  ?hX  ls«t  I?®  "“T™”"  *'‘®  IhclMdes^ck- 

9oal  of  avoiding  spacelraft  dXeXttr'c'tergln;"’ 


^rk  supported  through  contract  NAS3-2.0he  with  NASA/LePC 
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Ih  conclusion,  we  wish  to  thank  the  followlny  organizations  for  their 
cohtributions  to  the  technology  survey:  Air  Force  Materials  Laboratory, 

Corniuinlcatiohs  Satellite  Corp.,  Ford  Aerospace*  General  Eledtric,  Hughes 
Aircraft,  iRT  Corp.,  Jet  Propulsion  Lab,  NASA  Goddard  Space  Flight  Center, 
Naval  Research  Laboratory,  Mission  Research  Corp.,  Rockwell  International, 
and  Space  and  Missile  Systems  Organization. 


TABLE  I.  - ORGANIZATION  OF  GUiDELINES  LISTED  IN  MONOGRAPH 


i. 

Filtering  (for  the  elimination  of  electronic  anomalies) 

II. 

Spacecraft  System  Design 

A. 

Grounding 

B. 

Shielding 

C. 

EMC  Practices 

D. 

Handl ing/Assembiy/ Inspect  ion 

E. 

Spacecraft  Charging  Phenomena  Monitors 

F. 

Spacecraft  Charging  Control 

III. 

Subsystem  Design 

A, 

Electronics 

B. 

Pov;er  Systems 

C. 

Mechanical  and  Structure 

D 

Thermal  Control 

E. 

Communi cat  ions  Systems 

F. 

Attitude  Control 

G« 

Other  Payloads 

i 

IV. 

Spacecraft  Analysis 

A. 

System  Analysis 

B. 

Design  Trade  Studies 

V. 

Spacecraft  Testing 

A. 

Components,  Units  and  Subsystems 

B. 

Flight  Systems  and  (Qualifications  Models 
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THE  QUALIFICATION  OF  A LARGE  ELECTRON  IRRADIATION  FACILITY  FOR 

TELECOMMUNICATION  SATELLITE  DIFFERENTIAL  CHARGING  SIMUUTION 

B«E.H>  Serene  arid  J.  Reddy 
European  Space  Agency 


INTRODUCTION 


The  European  Communication  Satellite  network  will  comprise  a series  of 
three  axis  stabilised  satellites  in  geostationary  orbit.  The  extensive  use  of 
insulating  materials  for  thermal  control  suggests  that  there  is  a serious  risk 
of  surface  potential  build-up  with  correlated  effects  due  to  discharges:  ma- 
terials degradation  and  electro-magnetic  interference. 

Consequently  the  concept  of  system  level  simulation  of  the  electron  envi- 
ronment during  normal  thermal  vacuum/solar  simulation  testing  is  being  actively 
persued  by  the  European  Space  Agency.  We  believe  that  the  method  of  charge 
build-up  by  electron  bombardment  of  the  entire  satellite  is  the  most  represen- 
ative  test  that  can  be  performed  to  evaluate  the  impact  of  differential  char  - .. 
ging  on  system  performance. 

To  achieve  such  large  test  set-up  it  was  necessary  to  define,  procure  and 
qualify  all  the  critical  Items  and  a programme  was  established,  sub-contracting 
prtcurement  and  test  activities  to  CNES/SOPEMEA  under  ESA  technical  and  finan- 
cial management. 


DEFINITION  AND  PROCUREMENT. . PROGRAMME 


Electron  Source 

For  the  electron  source  the  basic  requirements  were 

- electron  potential:  variable  up  to  30,kev 

- electron  flux;  variable  up  to  1 uAcrn"^ 

“ illuminating  cone  solid  angle:  n/3 

- homogeneity:  better  than  30% 


Three  approaches  were  considered  (presented  below)  of  which  only  the  last 
one  was  followed  in  view  of  the  schedule,  reliability  and  cost. 


Trlode  System 


T^^electron  beam  was  derived  by  heating  up  tungsten  wires  In  vacuum  and 
then  ac^era ting  the  electrons  prodUded  by  the  heated  wire  In  an  electric  field 
(Ref.l).  The  tungsten  wires  are  installed  In  a large  copper  frame  closed  on  the 
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The  advontegee  of  such  a sysul  «e  iL  ojSra“H  "?  *t<>"  »'• 

j=rSe?inr;;oS:“:;  >?  -Vt  r 

teatlag  and  ffuelly  cannot  be  repaired  without 
Electron  Gun  with  Defocalizatlon  Lenses 

addUi:;\”/<j;roVTwo"elerr;s';;u“u 
JoTar— rt<r“‘“— 

Electron  Gun  with  Scattering  Foil 

instead  “‘a  I'ena  to  achieve'TurerdI  ^ f°H 

duces  a new  constraint  with  reoarH^h  homogeneous  beam.  This  intro- 

foil  receiving  electrons  with  2n  energj  up  "^3?  keT"'"  scattering 

equipped  with  tour  i °"  >•  This  gun  la 

vide  an  electron  flux  of  8 mA  cm~2  /k^  interchangeable  under  vacuum,  can  pro- 
to  20A)  tji  fh  -an  j*  adjustment  of  the  filament  current  uo 

S^IU  Lg  r„r,/5r^e  Jult  ;a%^o°?  l ™'‘  »"  ‘■••"•ma^nnirr 

defining"the  .■b,rac;eH:t(;i”f'’cb:  bLm  »itk 

Scattering  Foil 

The  hl^neHro?  «“  et:"r;™‘‘brr™'“^""''  laboratories  (get.  2). 

a thin  alumlniL  8001^^0^1011(^1  " achieved  by  using 

in  front  of  the  0^1^01"^  e^ec  ^o^c:!:‘‘■^br  r"""-*  at  a distance  of  52  cm 
2 um  thick  foil  pressed  infn  a h .1^  primary  beam  impinges  on  the 

alumintu„sbeet;.'’wi;b1oia^"y"d^L^e;^;::„s1^v"^^?g°^ 

Ua^s^he^f^U  witrranl!“’  ^ >atge  portion  of 'the  elertrons 

fn  k/a  m ''ifh  random  distribution,  for  which  a cos-law  distribution  i« 

secS^d^rTeUctrL’  If  the  toll  is  co^sUe^d^  o'“b'ra"  " 

arsu»[rieJurootS^lTSh;  ‘'^Ta«atded.  in  spite  of  its  finite  extent. 

Plane  so  thnt^rt^dm  ^ compranson  with  the  large  distance  to  the  test 

a rtrin';:-.-.----  :ra':iiimu7r"“ 
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is  lost  for  tho  { rooooenergetic  irradiA«-;»  ****  current  density,  in 

also  has  an  up^r  ?L>  ''°ltage  in  defineS  be 

be  radiated  W the  aT..l  aaioJnt  of  theJ^fl  . *’®*  ^‘^^ease 

and  which  app^oa^Lf  in  so""’  ^®^d««ted  by  rtr^iLh^!**®^' 

aches  xn  so.e  spots  the  melting  tLperatire" 

ConseouenMv 


ft  «>c:ui{jera cure  of  the  foil 

scsn^eTn^fTL^/r  f tK.  . . 

gramme.  0 and  30  kev  was  the  second  point  of ^the  te^^p^o- 


Faraday  Cups 


Meas„«.«„,  a„d  Monitoring  Equlp.»„t 


The  flux  measurement  was  m>>ao 

area,  connected  to  a nanoammeter.  faraday  cups  of  10  cm^  collecting 


""O 

For  • 


^ ur  0/  cm. 

electron  beL‘^rtotaro'‘'?o''fa‘'*’H  distribution  of  the  large  d' 

- 47  of  them  were  insta  ««ed:  divergence 

- Tl"  ^ r covered 

- -s  gtren  in  , 

'IV _ ■ 


o’’;^L7,“'1J£¥2"  """'*?"•  “-Hblated  ■”“*  « 

™pe  to  ensure  onpli.na.  .„d  duratiorof  «» 


Vacuum  Chambers 


- a small  chalberof  25o“lite^'""f^'^®  needed  to  be  used  during  this 

- a medium  size  chamber  of  ^7  3 , determination  of  the 

Sirnd^*"®  ®"'^‘^*'ering  foil  ‘ *^be  fusion  test  and  a short  ageing  test 

Simdia  chamber  of  Vi  J ..  . ageing  test 


°'«‘^rering  toil  - ana  a short  aeeinc  t«o^ 

Simdia  chamber  of  30  m^  fn-  .-i.  ^ ageing  test 

the  irradiation  test  of  the  two"  s^^e^rTs'Ja^'^n^Jan^ls distribution  and 
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TIIF,  QUALIFICATION  PROGRA^®1E 
Determination  of  the  Eleotxon-Gun  Characteristics 

This  test  was  performed  in  a small  vacuum  chamber  of  250  liter  with  a 
faraday  cup  mounted  57  cm  from  the  filament*  The  flux  values  were  recorded 
as  a function  of  the  filament  current  for  electron  accelerations  of  10,  20 
and  30  kev  as  shown  in  figure  7 with  a vacuum  of  2x10”^  torr.  The  measured 
beam  divergence  was  greater  than  expected.  Instead  of  ir/20  we  obtained  x/18. 

Fusion  Limit  of  the  Scattering  Foil 

3 

The  vacuum  chamber  used  for  this  test  was  the  HEURTEY  chamber ^with  27  m 
volume,  3.5  meter  long,  vacuum  of  2 x 10"^  torr  and  a window  for  visual  exa- 
mination of  the  scattering  foil  under  irradiation.  Figure  3 shows  the  test 
set-up  used-.  In  this  condition  for  electron  energy  of  30  kev  the  curve 


$ = f (1  filament) 

was  plotted  and  gave  a linear  function 

( pA  cm  = k I ( pA) 

with  k = 5.10“^  cm”^  indicating  that  the  maximum  beam  current  incident  on  the 
foil  was  600  pA  after  which  the  foil  was  punctured  (figures  8 and  9).  The  flux 
was  3 pA  cm“^  at  5 cm  distance  just  before  fusion  of  the  foil  was  observed. 
During  irradiation,  large  deformation  of  the  scattering  foil  was  observed. 

This  deformation  was  complicated  by  the  radial  mechanical  constraints  cen- 
tered around  hot  points.  In  consequence  a short  ageing  test  was  perfarmed  on 
an  A1  foil  of  2 pm  with 
vacuum  : 2x10  ^ torr 

electron  energy  ; 30  kev 
filament  current  ; 500  pA 
duration  t 1h  30  min 

without  any  degradation.  ^ ^ 

Th^  flux  value  at  3 meters  from  the  scattering  foil  was  2 nA  cm  . 

Mapping  of  Electron  Beam  Homogeneity 

The  mapping  of  the  electron  beam  was  performed  in  a plane  normal  to  the 
electron  beam  over  a diameter  of  three  meters  at  distances  2.0,  2.5  and  3.0 
meters  from  the  diffusion  window  (see  figure  10).  Measurements  were  made  at 
a single  energy  of  30  kev  and  at  three  different  intensities  (nominally 
1 nA  cm“2  and  3 nA  cm“2).  The  vacuum  chamber  used  was  Simdla  (30  m3)  with  a 
vacuum  of  10"^  torr.  The  position  of  the  50  faraday  cups  used  for  flux  mea- 
surements is  shown  on  figure  6.  For  each  distance  the  3 monitoring  cups 
(PI,  P2  and  P3)  and  the  47  measurement  cups  were  recorded. 
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Table  1 shuws 

~ the  values  measured  by  PI,  P2  and  P3 

’ o^her^ijs^io^^LreS'^  rrj/cof 

axis  of  the  faraday  cud  and  tiiA  oi  i.  ^ angle  between  the 

Thermal  Blanket  Irradiations 

decided  ^o'Jerfo™  “ '*“■  “"■*»  ^'■‘>"">er  it  wee 

“ 60  X 80  cm2  of  OTS  VHP  Shield  Assemhl a*  of  blanket  simultaneously: 

- eo  e ,0  cw^  Cl  ecs 

<Flgef°;?  »T!2^"lJ™1r"df:?e"^“  FFCuuded 

which  time  the  eawples  were  ii'M«er?,cT 

followed  a second  period  of  iriLdirtion  L tlT®'  /''“'“Srephed.  There  then 
At  the  end  of  this  period  the  ^ lL“;L^e“5  L“I 

The  test  conditions  were 
Incident  electron  energy 
Filament  current 

Distance  Samples/Diffusion  window 
Flux  on  PI 

P2 
P3 

Vacuum 


30  kev 
560  uA 
2.5  m 
2.75 
2.51 
2.64  nA 
5.10-6 


nA  cm"^ 
nA  cm“^ 


cm 

torr 


.-2 


in  bo^rseSpfee  «d”rtf^Xr™i"'tetror"r'  /h®  «‘ttl-erne  currents 

wing  obserustions  were  Jde:  d.srherges  (Picure  13).  The  follo- 

a)  hunger  of  discharges  per  hour 
hour 

Second  Third 


OTS 

ECS 


74 

85 


57 

68 


45 

42 


c::r‘e"::dl  - » »->'  '-®'i®®- 
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c)  Ampllt;nd<^»  and  duration  of  discharges  different' for— -s^vmple  generally 
longer  slower  discharges  for  O.T.S. 

Sample  typically  >150  A - 30  wsecs  for  O.T.S. 

>200  A - 5 wsecs  for  E.C.S. 

d)  Degradation  of  aluminisacion  of  Kapton  foi'l  ou  OTS  sample  particularly 
around  r-ivets  (Figure  14)  and  edges.  Effects  on  E.C.S.  samples  were  im-* 
possible  to  evaluate  aftsr  4 hours  irradiation. 

e)  No  degradation  for  both  samples  of  the  ratio  a/f: 

Discharge  influence  over  a complete  temperature  measurement  chain. 

During  the  irradiation  of  the  two  large  samples  thermocouples  were  in- 
stalled in  the  chamber  behind  and  inside  the  samples.  Negative  pulses  were 
recorded  at  the  time  of  electrostatic  discharges.  However,  their  rate  and 
amplitude  were  not  destructive  Co  the  equipment  and  not  considered  as  an 
error  source  in  the  thermal  data. 


CONCLUSION 


As  a result  of  the  programme  we  feel  that  we  have  successfully  qualified 
a large  irradiation  source  which  will  be  suitable  for  magnetic  substorm  en- 
vironment simulation  during  normal  satellite  thermal  vacuum  testing. 

The  combination  of  cannon  and  diffusion  window  gives  a widely  divergent 
beam  which  allows  irradiation  of  large  systems  with  only  a small  separation 
between  source  and  system. 

The  characteristics  of  the  beam  itself  are  well  defined  within  the  limi- 
tations of  maximum  flux  and  minimum  energy. 

Further  development  is  planned  to  Improve  the  source  with  respect  to  these 
■limits  of  flux  and  also  to  allow  iitadlation  at  low  energies.  In  addition  a 
system  which  will  permit  the  centering  of  the  electron  beam  in  the  place  of 
the  test  object  is  presently  being  developed  and  tested. 

We  consider  also  that  future  "space-simulation"  tests  will  Include  plasma 
sources  which  will  eventually  allow  an  accurate  assessment  of  the  differential 
charging  performance  of  all  European  satellites  during  ground  based  testing. 
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table  I:  MAPPING  OF  THE  ELECTRON  G 


GUN  HOMOGENEITY 


distance 

(m) 


filament 

CURRENT 

(wA) 


P'  T P2  P3 

nA/cm-  nA/cn|2  nA/cm“ 


<l>  MAX 
nA/ 
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TDRSS  SOLAR  ARRAY  ARC  DISCHARGE  TESTS* 

Jnouye  a«d  J.  M.  Sellen,  Jr. 

TRW  DefAiiAe  and  Space  Systems  Group 


SUMMARY 


««  per- 

Charge.  Uiis  paper  covere  tesL  ?hat  wl~  JU?  ® "!  arc  dls- 

llnes  and  recommended  practices  for  use  in  to  develop  design  guide- 

ilar  construction  such  forthrTiLwL  f TJ" 

spacecraft.  Tracking  and  Data  Relay  Satellite  (TDRSS) 


Solar  cell  side  backside  and  with  ultraviolet  on  the 

25.000  megohm  reslltor  so  thS**tL*^r  ground  (tank  walls)  with  a 

charge  buildup  and  enerev  storase  whir-h  of  a major  part  of  the 

arc  dischargeL  ^ ® **  potentially  hazardous 


INTRODUCTION 


taental  charging  are  surmised  to  have  caused^a  M^lai  envlron- 

power  fref  S'i  n....  »,4-  7 ..  J caused  a partial  loss  of  solar  arrav 

ixt-r£~ 

tlc„  of  BBe  orlgioal  TDRSS  solar  arr:7“5B“riarkXa\:ori?L':?o“T' 


*Thls  work  performed  under  Contract 


No.  76159  with  Western  Uhlon. 


conducting  backside  but  also  confirm  the  necessity  for  th« 

also  reduces  the  stored  additional  efflcreLsts  ^hLh 

cell  coverglasses  on  the  sunlit  side  of^he  sSaf ar?ay/°’'"“‘* 


tfiST  APPROACH 


sssis 

the  positive  ttTwS  'X  " ““l««lo„  “ 

the  '^JrLceforthe^fi®''®  stabilized  to\lwavs°Lri^'  Urtic- 

Photoemlsslon  of  elecSoL“^«,“''®''®^®®®®®  "clamped"  to 

charging  can  oniv  k ®»us  the  polarity  of  strfae  Potential  by 

atlie  to‘':h“'g?;.f”'^"“”S  the  solar  ceUs?  are  „!!  ^^^11110  parrs 
The  rest  ‘°  t^erglass  lurtr:e??“”“*^ 

“““tion 

Sllrro%rt:  °™L'?3e 

W-  s^o^ht  (-1?  4l^Tc^*“rJ?eFr”'-  ““ts“p1“" 

“*  SlHij’a 

y-iX-Tz^.. .;  '-sxx^r.x“x.”^x? 


49Ct.Up 

Ihe  test  setup  in  thi»  >'44- 

a ^aonrh  period  on  AIS-5  was’'i  „f/“!  ^oS'" 
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of  0.2  the  operating  current  wao  normally  set  at  10  na/cft2,  ^ door  ia 

provided  near  the  mid-section  of  the  tank  t ^ermlt  the  "substorfli"  to  he  turned 
on  and  off.  Faraday  cups  are  provided  both  in  front  of  the  door  and  In  front 
of  the  test  sample  to  calibrate  the  Incident  current  density.  Electrostatic 
voltage  probes  are  provided  on  swinging  arms  to  provide  scans  of  surface  phten- 
tlals.  Various  connections  to  the  test  sample,  the  solar  cells  and  substrate 
cote  were  brought  out.  In  general,  however,  all  of  the  wires  were  tied  to- 
gether and  treated  as  a single  connection.  In  figure  2 we  show  this  connection 
brought  out  to  a 25,000  megohm  to  l megohm  voltage  divider.  In  some  tests  the  • 
connection  was  grounded  through  a 5-ohm.  or  .1  megohm,  resistor  to  determine 
arc  discharge  pulse  waveforms.  For  the  paper  chart  records  shown  here*  the 
25000:1  voltage  divider  output  was  fed  to  an  X-Y  plotter  which  generated  the 
X(tlme)  scale  of  20  sec/cm  Internally, 


Test  Samples 

The  following  solar  array  samples  were  te.'jted: 

1.  All-metal  substrate. 

Substrate:  11.25"  x 14";  48  cells,  6 strings  of  8 cells  (2 'em  x 4 cm 

cells).  Coated  with  1.2  to  1.5  mil  of  catalac  black 
paint  on  backside. 

2.  Lightweight  substrate  with  no  paint  on  backside  perforated  kapton. 
Substrate:  7.25"  x 9";  20  cells,  2 strings  of  10  cells  (2  cm  x 4 cm 

cells) . 

2a.  Ll^tWelght  substrate  with  0.5  mil  Bostik- Finch  463-6-14  (epoxy)  on 
backside  perforated  kapton. 

Substrate:  7.25"  x 9";  20  cells,  2 strings  of  10  cells  (2  cm  x 4 cm 

cells) . 

3.  Aluminum  Panel:  11.25"  x 14"  x .125". 


Tests  with  the  All-Metal  Substrate  Sample  (1) 

The  test  configuration  was  that  shown  in  figure  2 In  which  the  backside  Is 
Irradiated  with  electrons  and  the  solar  cell  side  with  UV.  The  load  resistance 
was  25,000  megohms  with  a 1-megohrn  resistor  added  In  series  to  provide  a volt- 
age-dlvlded  monitoring  point. 

Prior  to  the  tests  with  this  sample  (1),  sample  (3),  an  aluminum  plate 
(11.25"  X 14"),  the  same  size  as  the  substrate  for  sample  (I),  was  put  Into  the 
chaal)er  to  check  the  level  of  UV  intensity  available.  The  dimensions  of  the 
setup  are  shown  in  figure  3.  Hie  lamps  are  Pen  Ray  Model  11-SC-lC  units.  The 
result  of  this  test  with  sample  (3)  was  that  a current  of  180  na  was  photoemlt- 
ted.  Assuming  that  the  area  illuminated  is  7"  x 14",  or  632  cm2,  the  current 
density  Is  .28  na/cm2,  or  9.5%  of  3 na/cm2,  a cot  ninly  used  value  for  photo?* 
emission.  It  takes  30  to  60  seconds  for  the  UV  1,  <s  to  'V»arm  up"  to  full  In- 

tensity, especially  the  first  time  they  arc  turned  ,i.  A limit  of  about  5 to 


10  minutes  oj>eratlon  exists  because  of  laitih 

vacuum.  Further  details  of  thf^L  '^^“Itlne  loss  of 

ot  this  paper.  *=®®ts  are  given  In  a later  section 

the  UV  lamps  causfd^the^sample^jStSil  surprising  In  that  turn  on  of 

Figure  4 shows  a typical  trara  -15  kV  to  about  -1  kV 

At  -15  kV  with  no  UV  there  are  occasionardlschlr^^^®®  divider  monitor  point, 
signal  la  ao«.hat  arratlc  aa  «.„u8h  a coro„a!nic“gl'":n:;“ ' 

This  result  was  surprising  In  that 

* W?2  1016  C.1  (11.25"  * !«..)  13 

« istv.*”’  ■“  ‘‘"1"'“'  6y  the  25,000  aegohm  load  realstor 

* a“Lf"l'Xt)“:aaTrrgr^“""  orevl„„sl5  (on  eh.  .aae  elaed 


The  photo-induced  current  must  be  create>r  n g: 
approach  a Significant  fraction  of  loffSa 


&nd  -must 


— — • 

On  the  assumption  that  a 7"  x 14"  ai-na  /-a-so 

emitting  the  photoemlssion  current  deniltleraL^^^®  ^ Photo- 

16.13  na/cm2  (for  10.2  ua) . Recalline  thaJ  ria/cm2  (for  .6  Ua),..and 

al^lnum  plate  test  was  .28  na/cm2  the  aU  current  density  observed  in  the 

cm2)  ajjj  57  g t^mes  (for  Jfi  t?  /*  ®hove  values  are  3.4  times-  (for  OS  na/ 
froat  sorfac.  l-an  algHi  b.  the  ' 

solar  cell  side  consists  only  of  th<a  ovt.’  j Photoemlttlng  surface  on  the 
prise  only  about  5%  of  the  solar  cell  Interconnects  which  corn- 

state,  the  leakage  of  the  coverglass  Is  so  steady 

must  initiate  from  the  interconScts  C nlt’t  J photoemlssion 

Is  effectively  20  times  lareer  . photoemlssion  from  this  reduced  area 

greater  than  those  observed  on ’ the  31^10^^”^  ^"^  '^ 

“ “^htlve  .arlahla 

gun.  With  the  UV  lamps  or  >rona!lik!  u ® the  electron 
arauhd  -500  volts  and  arc.  , ^^Mr«5  af !f w*'  «»«l”g 

only  bcca.«e  of  the  similar  ty  of  effacts  tho  '**”  ’’corona" 

the  consequent  lowering  of  voltaee  wbirh’i.^^  ®‘d’®uced  current  emission  and 
"r”""-  lo  our  case,  wa  hypotSSlaf  Jh.t  *"  »lth  real 

volvad.  hut  rather,  ao  enhanced  emls^™  .t^t  , 8as  discharge  In- 

perheps,  secondery  electron  emleeloo  effect.  8li“fleld  Induced  electrons  with, 
op  to  -1,5  kV  incrensed  coronrcnrJLt  f.d  fn  '"'«oslng  the  voltage 

minute,  nis  was  the  lergHJ  nf^M™  ? ® ftsgueocy  of  arcs  w several  oer 

Induced  current  measurements  were  made  m tbl^  Although  no  photo- 

B«ple  (2e,  With  the  power  supply  end  are  de^^r°?h:d'lnTs„ht“n”^s:X?" 
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In  table  l/^TbrJearreault"  summarized 

voltage  from  -16  kV  to  -I  tv,  waf uneLe^ter  H^^  of  the  aample 

significant  in  that  such  an  effect  i-o/i'  '^“1*®''®*'*  *^hia  result  is  very 

the  solar  cell  cover  glass  by  a fLtoJ  of  stresses  across 

duced  by  a factor  of  256.  Furthermore  lf^th«  Involved  would  be  re- 

extrapoJated  to  the  one-sun  level  the’ehfr^fL*^  S^hJ®'^®^  ^ Irradiation  is 

as  far  as  the  solar  array  is  concerneH  P^®>*l®n»  essentially  disappears 

same  low  potential  arthe  j;  ’ >»®talllc  backside  is  at  the 

We  have  tentatively  called  this  photo-induLr^^*^  (within  28  or  32  volts), 

a zenering  action.”  Hie  fact  thSt  th 

ated,  even  after  the  UV  lamps  were  turned  off  action  continued,  once  inltl- 
Istlc  of  coronas  and  arc  dlLharges.  ^ ® commonly  observed  chatacter- 


witn  Lightweight  Substrate  with  No  Conducting 
Paint  on  Backside,  Sample  (2) 

^Is  sample  had  20  of  the  TDR^q  , 

M a 7.25”  X 9"  Ughtwelght  substrata.  “ “>ls, 

as  compared  to  the  fused  silica  on  samnle  (T)  ^ coverglasses 

also  different.  Note  alao  that  the  samole  « *^*'f/“‘^®^®®nnect  design  was 

is  less  than  for  sample  (1)  The  harWo?,i  well  as  its  Illuminated  area 

was  subsequently  spray  coated  3Jth  ?5  was  uncoated  for  these  tests,  and 

to  become  sample  (2a)  which  is  discussed  after  tbLJ  sJJtlon!^^^”^^ 

^*8-®  3,  the 

UV  lamp  coverage  L^north"  frontal 

■raaiation  with  the  20  kV  l^na/cm2  fiert-rnrK  sample  (1).  ir- 

go  to  about  -15  kV  as  detected  on  thl  2S  mn^r"  •^‘*®  sample  voltage  to 

arcs  were  observed,  Turninc  'he  m/  i ' voltage  divider.  Occasional 

shows  a typical  mo^itortJaL  of  tTe  5 

sample.  25,000:1  voltage  divider  output  for  this 


observed  result  of  metallic  portions  of^Jh  in  table  2.  ihe 

action”  from  UV  irradiation  was  again  at  -15  kV  with  no  "zenerlng 

from  the  all-metal  sample  (1).  Particula?lC^o?«  the  results  obtained 

-15  kV,  One  possible  explanation  Is  thaf  ^ ince  Ae  metallic  parts  were  at 
backside  dielectric  ar»  immobi  le  negative  charges  embedded  on  the 

talllc  substrate  towards  thfii!eSied  i^  ®l®®‘'on®  in  the  me- 

nre  ”trying”  to  ”coroJ?«  to  th^Liarln  interconnects  which 

the  metallic  portions  get  to  -15  SJ  ®n''®rglass  surface,  ihe  fact  that 

side  kapton  is  51ig  open  with  holes  whiJii  surprising,  since  the  back- 
comb material.  ^ expose  the  underlying  aluminum  honey- 


me  -implications  of  the  observed  -IS  uv 

lous  in  that  these  large  stresses  and  stored  Portion  voltage  are  ser- 

prove  to  be  damaging  to  diodes  on  thp  ^ energy  In  the  coverglass  might 
further  Investigation  of  this  configuration  this  test  and 

the  case  if  a requirement  to  make  the  hi”bei,i^  required.  Tnis  Is  particularly 

design  to  necessitate  a drastic  redeslgn'of  the'enJj^e^Irray?®"'® 


838 


kaotoi*'*  a*  "**  >»8tlk-Fl»e(l  461-«-I« 

— „a«  „ 

at  -IS  kv  ®®®Pie  behaved  as  sample  (2)  *»‘fning  on  the 

K*?b^”caJrSe^;S  “ 

lamps  Were  turnA<i  ^ some  occasions  the  7Ano*-i.v»  ° zener 

Ai4Ah4>i  V ,*^**®“  as  with  samnle  d j *®aerlng  continued  after  th« 

'•Lgure  7 shows  the  reaulh  ap  - nearly  as  the  all-metal  «flnmiA  /i\ 

current  flu*  at  ^a  f!  , ^ careful  callbratli^  Arfu  (D- 

accentaKTA  « ®““  level  would  Indicate  thai-  ».t,4  effect  observed  In  this 

aitt  saiju  «al  vlawpolat  of  apacecra“  «a)  oonflguKtton  la 

sample  (2a)  are  summarized  in  table  3.  ®*®  test  and  results 

Further  Tests  with  Sample  (2a) 

tbe  fo“agJIn8‘S«T..™??®  SoWallnaa  ,»«  aatabllal..a 

aaapla  (S)  ?o  »«Uowl„g  taaJ  wSa  V ‘'“*=  »* 

notL  eatllej  “”<<=Mtap.dlng  of  the  ®» 

uratloo  Iiir’  teata  should  be  oerforZa  "“""“"a  observed.  As 

abs“o‘XS;:i.  * ™"«aa»a"  -=t  ou  ^ ^U^rZsT.X‘1'^^, 

^efes^lf  figure  capacSJe  ch  *«"f^8«re^. 

iSd  a"^"‘Wa“cb'a“Sa“L:SS?«ed  a“"*v2ua'rjh%" 

ear  8 na/volt*4  results,  as  shown  In  figure  11  i af***^®  photo-ln- 


elude  Se*^tranaleL^df^°?  a‘:eady  state  photoemlsslon  and  does  not  in- 

doSL^pa  dtsploeeraent  current  which  charges  up  the  covergloas  ca- 

glass  area  the‘"curwnt”fraM^?f  the  Interconnects  comprise  5%  of  th?  cover- 
I ° (.05  • 160  em^)  . (.28  na/cm^)  " 2.24  na 

££  . * Measurements  oi  the  coverglass  surface  potential  aft^r  ftim’ino 

^Lo'5:  *"  '•>'  --■i.r  “ 

cannot  bo  mln«j«rvlrt  JL  =‘’“  “““ 

Itv  pr^nli'*^a  discharge  oscilloscope  traces  taken  across  the  capacltlv- 

0 6“5o  ff  9-  The  peak  discharge  currLts 

to  ?15  kV  and  ^he  *'*'!  voltage- is  raised  from  -1750  volts 

a=  ~E; Si 

Sample  Voltage  (kV)  1.75  2.0  2.5  5.0  10.0  15.0 


Peak  Current  (amps)  0.6  0.8  0.9  1.6 


2.8 


3.6 


>■ 


h 


Test  with  Aluminum  Plate  Sample  (3) 

The  aluminum  plate  (11.25"  x !&••)  neaa  „k*-j 

.ouid  bo“*Jii„:rarM^  So°gai  e."^«o«ujr  t:TnJtf  '™ 

testa  on  thla  sample  were  Je  with  . “l^U  bfa^  Photoemlsslon 

about  "the  MK^15\v'aa*thI'^ot^“”?  ““Pl*  potential  went  to 

whether  the  UV  lairnc  other  solar  array  samples.  No  arcs  were  observed 

">orp  of  tests  and  results  on  aluminum  plate  Bample^O)  Me  llMid'belw!' 


• Electron  bombardment  on  one  side  and  UV 
Irradiation  on  the  other  side.  20  kV 
10  na/cm2  beam;  ^^.5%  of  one-sun  UV. 
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• «o  «rc  discharges  with  or  wlrho,,.  ™ 


SPiFSli  £ t V' Ja1rS£‘£f ""' 

Indicate  that  a conductlTbLk^sLelr^ec^^s^^^ 


SUMMARY  AND  CONCLUSIONS 


d“?de1Jr,rrl'““- 

perlence  with  a™alstent  with  a suwey*o“oi^l*^‘ 

tloJs  »a«  P«vw%  SatrwMfcr”"  <J"adlaa'»esea“h 

guldellhes  are  Saof  k?’  analytical  and  eirt>erlment^l”^<  ^ecommenda- 

edg«i)  Phi.:SJn„Ta  Haldir  “ 

definitive  de<,io«  *.  “j  ,5^  a active  research  if-  lo  “^scovered  (or  acknowl- 
atorm  charein^  ^ gu-dellne  docuiiient  for  immunizing  r>  ^®P°®®^ble  to  write  a 
the  englnelrlfe  being  perforf->d®^J”®if  geomagnetic  sub- 

nomenon  at  man?  scientific  aspects  of  Present  time  on 


R086&n^  Aldn  j SpscficPdl^t* 


‘VV'  - 


3.  SteV6na,  N.  J.;  8erkopec»  F,  D.j  Staskus.  J*  V.*  fileeh  r a . m— 

viornneiit**PfM  Spacecraft  Materials  lit  a Simulated  Substorm  En- 

vlornmettt,  Ptoc.  Spacecraft  Charging  technology  Conference,  editors  c p 

e an  R.  R,  Lovell,  AP(^-tR-77-0051  and  NASA  TMX-73537,  24  Feb.  1977.* 


TiULE  1.  SOMliar  OF  tesTS  MD  teSBltS  ON  AlL-NETiU.  StSsmiE  SMFlg  (1) 

«!oOO  KjJhM'(5!"loJo  thtouih 

• & jple  voltage  -16  kV»  occasional  area  with  no  OV. 

• Voltage  dropped  tft  *v  -i  kv  with  UV;  noisy, 

• Voltage  remained  low  when  UV  was  turned  off. 

and  Increased  "corona”* current  It  «clng  frequency 

shST.S^jrphStoeS^siir^^^  blM“"pf 

* sr.‘s!r.i  — -3 


TABLE  2. 


SUMMARY  OP  TESTS  AMD  RESULl 
SUBSTRAtE  SAMPLE  (2) 


ON  UNPAINTED  tl^TWElGHT 


• srjo"  s:rcsr,i,r,s  *“  <»■ 

* a)“  “ “11*)  th« 

* ''»*  OOCMI.,,1  „c  dl,- 

• Turning  on  UV  lamps  has  no  noticeable  effect. 
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I 


ft 

h 


I: 


TABLE  3* 


RESUtTS  OH  LIGHTWEIGHT  SUBSTRATE 
WITH  CONDUCTIVE  COATING  ON  BACKSIDE,  SAMPLE  (2a) 


b6n^ardiflent  and  UV  Ittadlation  aa  for  saiuolas  (l) 
and  (2);  20  kV  10  na/cn^  feeatoj  n,  9,5^  of  one-sun  OV, 


• TOls  sample  (2),  7,25"  x 9"  Substrate  with  20  cells,  but 
with  backside  spray  coated  with  .5  mil  of  Bostlk-Flnch 
463-6-14  epoxy  paint. 


The  resistance  measured  with  1"  diameter  discs  laid  on  the 
paint  measured  105  ohms. 


To  the  substrate  from  one  of  the  discs, 
measured  to  be  0.5  to  1 times  10^  ohms. 


the  tests tance  was 


• The  enhanced  photo-induced  electron  emission  was  observed 
as  for  sample  (1)  but  was  not  as  pronounced. 


* electron  beam  was  recalibrated  and  this  showed 

that  with  10  na/cm  and  a one-sun  DV  irradiation,  this  con- 
figuration would  result  in  a low  stress  design  for  the 
TDRSS  solar  array. 


TABLE  4.  PRELIMINARY  DESIGN  GUIDELINES  AND  RECOMMENDED  PR.4CTICES 

1.  ^e  back  surfaces  of  the  solar  array  panels  must  be  con- 
ductlve* 

2.  The  conductive  back  Surface  must  be  connected  to  structure. 

3.  The  aluminiSn  honeycomb  core  must  be  grounded  to  structure. 

4.  The  solar  pMel  edges  must  be  covered  with  conductive  tape 
and  grounded. 

5.  The  solar  cell  coverglass  may  be  fused  silica  or  cerla  glass. 

array  wiring  may  be  on  the  frontside  or  the  back- 
side—the  backside  is  preferred. 

7.  l^e  blocking  and  shunt  diodes  may  be  located  on  the  front- 
side or  the  backside— the  backside  is  preferred. 

8.  The  blocking  and  shunt  diodes  should  have  the  largest  pos- 
sible fotwar-d  current  ratings. 

9.  Design  verification  tests  must  be  performed. 


! 
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SUSSTMTE 


.25"  « l.$»  • 
APERTURE  I 


/ SOUR  CELIS  / 

uX,«.  =**^" 

SAWU  SUOstOate  (2  and  2a) 


O o 


3.2S" 


FIGURE  3. 


tank  wau 

ALL-METAL  SAMPLE  (1)  TEST  CONFIGURATION 
SHOWING  UV  LAMP  GEOMETRY ^ 


LAMPS  OFF 


I 


LAMPS  ON 


LAMPS  ON 


DOORS 

OPEN 


UMPS  OFF 


ATT  *-AMPS  OM 

IS  ASOUT  10  MINUTES  PER  TRACE  ’ HORIZONTAL  PERIOD 


Lamps  on 


I 

LAMPS  OFF 


figure 


Domv?  COAtlL*^w**BAcSlMf  (NO 

lamps  do  not  cause  "ZENERING”  action?  ^ 


OCCUWieIBE  op  Ik  ™* 

SHOWS  A TEMDHICY  OP  SS. 


FIGURE  7.  SAMPLE  INCIDENT  CURRENT  DENSITY  VS 
ELECTRON  GUN  FILAMENT  VOLTAGE. 


OSCILLOSCOPE 


FIGtJRfi  9.  CIRCUITS  TO  MEASURE  PHOTO-INDUCED  CURRENT  VS  POTENTIAL. 


FIGURE  10.  PHOTO- INDUCED  CURRENTS 


FROM  SAMPLE  (2a)  VS  SAMPLE  VOLTAGE. 


V ■ -1750  Volts 
R “ 5 ohms 
*2  amp/un  Vertical 
I Ms/cm  Horizontal 


V » 5000  Volts 
R ® .5  ohms 

amp/cm  Vertical 
I us/cm  Horizontal 


^ * "15  kl lovol ts 
R ■ 5 ohms 
I amp/cm  Vertical 
I us/cm  Horizontal 


FIGUM;  12.  ARC  DISCHARGE  WAVEFORMS  OBTAIHED  WITH  SAMFLE  (2.). 
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METAL  PLATE  (ALUMINUM)  20  KiV  BEAMi  UV  LAMPS  (4)  ON/CFF 


LAMPS 

ON 


i 


LAMPS 

OFF 

I 


LAMPS 

LAMPS 

LAMPS 

LAMPS 

ON 

OFF 

ON 

OFF 

UL 

L_ 

1 * 

T 

figure  13.  VOLTAGE  TRACES  WITH  AN  ALUMINUM  PLATE  SAMPLE  (3) 


The  following  papers  were  not  presented 
at  the  conference  but  are  included  here  for 
additional  information. 


N79-24054 

A combined  SPACECRAEt  CHAROINQ 
AND 

' PULSED  X-RAV  SIMULATION  EACILfTY* 

Steven  H.  Faee,  Miehadl  J.  NowTan, 
WiUiain  R.  Neal,  and  William  A.  Seidler+ 
Spii«  Corporation 


SUMMARY 


A spacecraft  charging  simulation  facUity  has  been  constructed  to  investigate 
Tht  "[ShS?®  mat^iais  in  a typical  geomagnetic  substorm  environment. 

simulated  include  vacuum,  solar  radiation,  and  substorm  electrons;  in 
addition,  a nuclear  threat  environment  simulation  using  a flash  x-ray  generator  is 
combined  with  the  spacecraft  charging  facRity.  Results  obtained  on  a solv  cell  array 
of^the  faSSy^°*^  ^ Preliminary  facility  demonstration  are  presented  with  a description 


INTRODUCTION 


shown  in  the  subject  of  anomalous  behavi<v  of 
elMtricai  systems  deployed  in  satellites  in  geosynchronous  orbit  (refs.  1-4).  This 
behavior  fa  now  being  investigated  extensively  in  the  belief  that  it  is  caused  by 
el^trostatic  charging  of  dielectric  surfaces  due  to  the  space  environmmit  (refs.  S-Sj. 

discharges  aviated  with  spacecraft  charging  result  in 
el^trom^netic  interference  which  can  couple  into  the  spacecraft  harness.  In 
dielectric  surface  becomes  contaminated  with  surface  tracks  whidi  may 
lead  to  device  failure  or  poor  performance  (reL  9).  ^ 

An  electron  charging  facility  was  constructed  at  Spire  for  the  simulation  of  the 
low-energy  plasma  environment  micountered  in  geosynchonous  orbit.  A flash  x-rav 
generator  was  combined  with  the  charging  facility  to  simulate  the  effects  of  a nuclew 
th^at  environment.  In  this  facility  the  response  of  satellite  materials  can  be 

combination  of  x-ray,  surface  charing,  or  simulated  solar 
radiation,  taken  either  separately  or  simultaneously.  Although  there  have  been  earlier 
rtudies  of  spacecraft  charging  und^  a variety  of  conditions  (refs.  10-12),  the 
exposure  of  satellite  dielectrics  to  flash  x-rays  and  electron  surface 
charging  Hm  not  been  previously  reported.  Figure  1 is  a schematic  of  the  major 
elements  of  the  combined  facility.  ^ 

'*l'his  work  was  supported  by  the  Defmise  Nuclear  Agency. 

+Presently  at  Jaycor 
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‘ijs! 

FACIUty  DESCmPTION 

Fltt$h  X**Ray  $oureo 
*-H«<ltetIoii  used  for  &»««,{», 

HkTwto 

p3S«S!4£^p!?S£^^ 

SSS» « «"A  yss&nl  i 

Sa?  “«s 

better  than  +S  ieriSt.'"’***®'  "**  wpl-oduelbUitrS^L**  « 


0 = 


2. 9 X 10-12  (VJ4.2S 


ch^ivolteJeofTte^^^  square  centimeter 


(1) 


sbd  V<,  is  the 


were 
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Electron  Charging  Source 


*1  * eleetrai  chargl^  facility  was  designed  to  simulate  the  m^noenergetic 
electron  fluxes  encountered  in  a geomagnetic  substorm  envitonment.  the  electrcn 
b«m  is  produced  by  a standard  cathbde-ray  tube  flood  gun  with  a maximum 
thermi^ic  current  output  of  l mA.  The  sixe  and  intensity  of  the  electron  beam  is 
controlled  by  biased  grids  in  the  gun  and  by  the  three>element  cylindrical  lens  system 

electron  energy  in  the  lens  is  only  a few  hundred  volts,  so  that 
shielding  from  stray  m^netic  fields  is  required.  The  electron  source  and  lens  system 
is  raised  to  accelwating  potentials  up  to  2d  kVj  a copper  mesh  is  used  for  the 
electrostatic  shieldii^  of  the  lens  r^on. 


parallel-mesh  acceleration  field  region  at  the  exit  of  the  lens  system  provides 
the  high  Voltage  acceleration  for  the  electrons*  Componehts  of  electron  velocity 
pCTpet^iOTiar  to  the  accelerating  field  are  negligible  compared  with  the  velocity 
through  the  exit  mesh,  so  that  beam  divergence  is  minimal. 

volume  consists  of  an  aluminum  vacuum  diamber,  20  cm  in  diameter 
by  18  cm  in  length,  whidi  attaches  to  the  diode  flange  of  the  SPI-PULSE  6000  for  the 
combined  x-ray  and  electron  irradiations.  Access  to  the  target  region  is  facilitated  bv 
four  Circumferential  chamb^  ports. 

Electron  intensity  and  uniformity  are  measured  with  a spatially  resolving 
Faraday  coUeetw  array  placed  at  the  specimen  position.  The  collector  plate  is  10  cm 
in  diameter  and  contains  twenty  0.8-cm-by-0.45-cm  collectors  across  a diameter.  The 
remainder  of  the  coUector  assembly  is  coated  with  cathode-ray-tube  phosphor  for 
visual  observation  of  the  electron  beam  while  adjusting  the  focus. 

The  orientation  of  the  current  collector  array  in  the  test  chamber  is  controlled 
externally  by  rotation  of  the  sample-mount  rod.  The  current  coUector  array  may  be 
rotated  3600  to  sample  the  entire  electron  beam.  A representative  map  of  thy  initial 
bram  uniformity  obtained  for  a 1-flA/cm*  peak  current  density  is  shown  in  figure  2 
with  a solar  array  segment.  Superimposed  bremsstrahlung  fluence  intensities,  for  a 
representative  test  configuration,  are  also  Shown  in  the  figure. 

Owing  testing,  electron  intensity  is  maintained  constant  by  monitoring  the 
current  density  with  four  stationary  current  coUectOrs  near  the  circumference  of  the 
beam  at  the  entrance  to  the  test  chamber  and  adjusting  the  fUament  current 
cicooPu  Ifi^ly  • 

Measurements  of  the  current  density  made  at  various  distances  from  the  beam 
entrance  aperture  indicate  no  beam  divergence  or  convergence  within  the  test 
volume.  Differences  in  beam  current  density  at  the  top  and  bottom  of  tlie  diamber 
are  less  than  3 percent.  Current  density  is  variable  up  to  30  nA/cm^  fd  an  8 cm 
diameter  beam.  HIghar  intensities  are  attainable  with  smaUer  diametd  beams. 
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the  test* eharaber.  *Tbe°pIuS  Is  m(^tM*at  e^««'1IrSi*»*t’**’^  *"  **'® 
radiation  from  the  electron  sourTiirf  i?  S®?*  «)“1  •«<«  to 

calibrated  tunesten  laiiiD  is  intpoduMa  nn  t ^ sourw.  Light  from  a spectrally 

the  chamber.  KrrTS.^}!!?^  *"  «»  back  [tote  of 

surface.  Light  intensity  is  SjuSed  lan  2 st>ecimen 

air-mass-aerc  solar  intensity.  The  quartz  wUidow 

during  electron  charging.  ^ winaow  is  also  used  for  viewing  the  sample 

are  measured?  ?te*tert  sp^imS**is^th^^^^  *th®"®^?  ®h  ^^® 

volume  is  evacuated  to  a pressure  of  le^  than  5xl^S*  toJ?®  55??!^^’  '^5?®  *!?® 
about  15  minutes.  pump-down  time  is 

interes?^toSSed*“^t“'‘S5^^^  the  tatetoity  of 

beam  p^iphery.  During  the  irradiatim  « Tputt-  collectors  at  the 

probe  fe  ®ed  to  noneontacting  voltage 

unit  has  a Voltage  resolution  of  0 1 Depr»^f”2{?il  test  specimens.  This 

of  probe-to-surf ace  spacing.  The*  time-reSooi^e  o? independent 
potential  of  the  probe  fleets  to  S ^ ^®®®  ^ The 

effect  ipon  the  test  environment  The  being  measured,  minimizing  its 

test  chamber  using  a set  of  external  contromM^^d«*^®p!lll^*^’^^®^®^  outside  the 
indicated  by  an  X-y  plotti  cMn^t^  ^ ®''®*’  is 

retracted  Mo  a side  chamb^.  ^ the  probe  is 


FACILITY  DEMONSTRATIONS 


i^«icripu(Hi  ot  solar  Cell  Array 

2-cm-lJlLm®eeto“  S 

chosen  as  the  smallest  airoy  which  mieht^imil!!^  T"*®  “"^ration  was 

KTo?  X“‘?he^SMSi 

fabricated  from  5-  to  14-ohm-«m  materl.1  ’wWh  "^-p  silicon 

micrometer.  Two  of  the  C ir««  ffi-3  ?•“  *"  “•’* 

conductive  eoversUpcoaUngs  of  Indium  oS!^  ^ '"‘“•“""eeted 

spectruI^piLTn^^ttlSf^^^^^^  JlS^lroMaS  wJ^'f’ 

incident  solar  light.  ArraJ’ 4.67-f"Z  ;M^:l1,:f.4-Xro?o 
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ffitewr  .elwtrons  »t  « nomlmi  iHu»/em« 

to  slnuiUte  dayulght  (wndltlem.  «°  Ught  and  darknesa 

ISteSaSS.*  «» «•«  »«^SJ3‘attSr«ptSS';^ 

we»*toaS2^“th^r^^SSim  mSS?  XM  *'  ‘'^ 

alSSSi.*'*  to  , signs  of  Kari*‘4SS'tl«'"S?rW^ 


Solar  Cell  Res{>onae  to  X-Rays 

0j45  m<al/cm2“i,^f^  Th"^®^  fluence  levels  of  0.07,  0.2,  a;id 

SOOO^arging  voltages  of  ISO,  20ofahd  correspond  to  SPi-RULSE 

cm.  -me  totol  ,^y  dose  deUv;r«.  ra.S^g^ds‘®1';^»f » 

cal^trt  ««|  monitor^.  outoS?  *rf  ?he‘^h^^^^.  ®'-  «U  was 

temperature  rise  of  less  than  l<>c  at  ti»  h W?est“iS.«  niSLVS?*t2.  * ™“lm»m 
to  a 0.S  percent  decrease  in  V.*  and  0.1  pertSit  lnorei^e“l?Sn  *"'''*’<>** 

*“to  wU  satuntes  S?STOti«*'l^on*<S?'to  erea?  *'*?'  f®®  deposition  in  the 
pulsewidth  Of  the  cell  output  is  derSm  M tte  SS.«  ^e«tron-hoie  pain.  Hk 
eawler  recombination  tiiM,  and^^^S.,SSt‘^»l^SSfI'  velocity, 

swiml  When  the  eovemUpe  of  arrays  4057-3^’ 

A trtinsi^t  1-V  curv^  fiTGii^pAt^H  fMm  4-u^  a* 

<»mpared  to  the  AMO  curve  in  figure  5 ‘^sponse  for  panel  4057-2  is 

Emulation  of  dayfight  conditions.  llStL  o?  thfS!?  ™sponse  was  observed  during 
produced  a slight  voltaue  disd^riio^*  m volume  with  the  tungsten  lamo 

perfmmmHtooe.SUgirthe^'^i^^^  effeei^“  tSn 

Solar  Cell  Response  to  Electron  Charging 

««  mai.t«n«i  at  1 nA/em*.  whUe  tlS-e.IXSt!Siy'ts'*Sr1S  Slo‘^2y^“*‘ 

array  wfaee  «nd*tS*fSberpLs*sub«rSe*^  IS  bttOt  up  on  the 

cosemllpe  reaehed  one-foUrth  to  ono-thl«iof  the  IheidelS'^C’ejIrS?  fhS 
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axiun 

TBBK  SST  A *op  W«»  MC0«W  ,ith  th. 

d”Jyrg.*'4M  »‘»^^^~"-^rv‘SVyi‘  “ "* 

tlSfa  *S‘’S  «iit;ek  !^t«t 

lh€|S|:3h^^ 

•^poiSing  %,°y^«ed  capwitX*^  “ «i?'’'co';^t'  TO? 

&r««LTS£  --  - 

£;Ss"£"“»ySS  »r.ss%srs: 

SSi^-w=’HH&"SS 
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I With  the  tiingsteh  lamp  turned  eni  the  eleotrieal  disoherging  ceased 

1 immediately  for  all  arrays«  as  determined  from  mmiitorii^  the  OeU  load  circuit;  the 

i potential  on  the  fiberglass  substrate  decayed  to  a few  hundred  volts  in  minutes.  No 

:|  evidence  of  electrical  disdtarge  was  recorded  over  the  substrate. 

/ After  multiple  diseharges>  measurement  of  the  I-V  characteristics  showed  that 

panels  4057-1  artd  4057-2  experimleed  a loss  in  maximum  opmratit^  power  of  12 
percent.  Panels  4057-3  and  4057^  incurred  no  effective  power  loss  as  a result  of 
chargii^  and  disdiarging.  The  1-V  curves  for  panels  4057-1  and  4057-4  are  shown  in 
figures  0 and  lO. 

Two  of  the  solar  arrays  were  physi^y  damaged  Iby  the  electrical  dischargdng. 
The  central  ce^  of  panels  4057-1  and  4057-3  eadi  had  a crack  develop  in  the 
coverslip.  The  position  of  the  crack  on  both  cells  Mincided  with  an  observed  electrical 
are.  These  panels  were  irradiated  tot  a total  time  of  8h  and  5h(  respectively*  at 
electron  energies  of  tg>  to  20  keV.  The  other  two  panels*  irradiated  tot  less  than  Ih 
^ each,  did  not  develop  similar  coverslip  cracks. 


Solar  Cell  Response  to  Combined  Riwironment  Exposure 

All  the  panels  were  subjected  to  x-rav  exposure  during  electron  irradiation. 
Each  panel  was  charged  with  a 16-kV*  l-nA/cm‘  electron  beam  for  Ih  in  the  dark.  The 
panels  were  thoi  pulsed  with  x-rays  at  test  levels  of  3,  4,  and  6 rads  (Si).  The 
conductive  coversEp  cells  were  [Hilsed  with  and  without  the  coverslips  groimded. 

None  of  the  cells  exhibited  anomalous  behavior  during  the  x^ray  pulse,  the 
xHray  response  signals  were  tlm  same  as  observed  without  electron  dtar^ng.  There 
was  no  potential  drop  obsorvedy  within  the  time*^reSponsC  of  the  TREK  pr<mei  eithor  on 
the.  ftberg^ass  sm>strate  or  over  the  ceU  surface  during  the  x-ray  m^lse.  It  is  possible 
that  there  may  have  been  a late  time  response  at  a low-amplitude  response  that  could 
not  be  recorded  with  the  instrumentation  available. 


CONCLUDING  REMARKS 


the  Spacecraft  chargii^  facility  developed  at  Spire  represents  an  economical 
and  reliable  simulation  device.  Results  obtained  using  a three-by-three  Solar  cell  army 
are  in  general  agreemsent  with  previously  published  results  at  other  facilities  (refs.  13 
and  14).  These  results  demonstrate  the  utiUty  of  u^ng  small-area  samples  to  simulate 
larger  area  bdiavlor. 
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Figure  I.  - Schematic  Of  elecfron  charging 
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(«A/em*) 


Vo  *250  kv 

Figure  2.  ■ Electron  beam  uniformity 
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CHARACtERiZATION  OF  ELECTROMAGNETIC  SIGNALS  GENERATED  BY  ELECTRICAL 

BREAKDOWN  OF  SPACECRAFT  INSULATING  MATERIALS* 

J.  E.  Nanevlcz  and  R.  C.  Adamo 
SRI  Intetnatlcnal 

B.  L.  Bears 

Science  AppllcatlonK,  Inc. 


BACKGROUND 


As  part  of  a program  to  develop  an  understanding  of  the  behavior  of 
typical  spacecraft  Insulating  materials  Under  exoatmospherlc  charging 
conditions,  a series  of  exploratory  measurements  of  the  external  transient 
electric  and  magnetic  fields  produced  by  electrical  breakdown  of  materials  was 
perfonfted.  Although  the  metal  test  chamber  used  for  these  early  measurements 
was  not  Ideally  suited  for  detailed  electromagnetic  transient  studies,  the 
magnitudes  of  the  observed  fields  were  sufficiently  large  that  the  need  for  a 
concentrated  effort  to  determine  the  true  electromagnetic  nature  of  discharge 
generated  transients  was  recognized.  A program  was  therefore  Initiated  to 
conduct  discharge  characterization  tests  in  an  electromagnetlcally  "clean"  and 
clearly  defined  structure,  in  order  that  the  data  obtained  be  free  of  artifacts 
associated  with  the  measurement  setup. 

The  data  presented  In  this  paper  were  generated  as  part  of  a series  of 
((ulcfc  look  experiments  intended  to  verify  the  functioning  of  the  experimental 
setup  and  to  provide  preliminary  Inputs  for  the  development  of  analytical 
models  of  the  discharge  process.  Thus,  although  it  Is  planned  that  additional 
measurements  will  be  made  to  carry  out  the  complete  program,  it  Is  felt  that 
the  results  to  date  are  significant  In  that  they  provide  information  on  source 
characteristics  In  a form  useful  to  the  electromagnetic  compatibility  engineer. 


EXPERIMENTAL  SETUP 


For  the  electromagnetic  breakdown  studies,  the  test  Samples  were  mounted 
In  the  middle  of  a ground  pl^e  within  an  electromagnetlcally  transparent 
vacuum  chamber  In  the  general  maimer  Illustrated  In  figure  1.  This  arrangement 
simulates  a region  of  charged  dielectric  mounted  on  the  skin  of  a satellite, 
the  electron  gun  Is  of  a special  type  designed  at  SRI  and  uses -a  multlpactor 
electron  source  to  provide  a large-area  uniform  beam  over  a wide  range  of 
energies  and  current  densities  as  discussed  in  a cumpanion  pape?*.** 

*The  work  reported  here  was  supported  by  the  O.S.  Air  Force  under  contracts 
F49620-77-C-0113  and 

**J.  E.  Nanevlcz  and  R.  *^C.  Adamo,  "Further  Development  of  the  Multlpactor 
Discharge  Electron  Source." 


-n  te:  sr\s -rr-  — ^ITlZr  " ““• 

electric  fields  above  thl^fw  on  the  outer  ® satellite 

fields  induce  signals  li  ®*“*  transient  current  on  transient 

electric  fleld^f^^  on  the  exterior  If  The  electric 

wiping  on  the  ep^rtuMs  In  *>®^h  ' 

tlon  about  tie  ttll  ll.  eetellite.  Thus  al  fiS  ®*elte 

fields  and  skL  cwrIIiriT  ^arlalLflf f«ferma- 

Measurements  of  E and  H <'u  4., 

5";  a%x:”LTs  r 

e signal  from  the  target-mfl«fli  figure  1 showl  t-fLld 

-ope.^ot.er  co„M„a„„„a  of 

recorder  »iu  alao  be  uLi  *“S's  "“asuremeots,  a Bl^elor  Modri^blm®  ‘ 

-e  rapdd  ddpUfaardoe  a„d-abo^1e-rd%"ca^“f„=  c“V4e€i“^ 

Experimental  results 

shown  ln^figure^?^M^**^  records  presented  here  the  1 

displayed  on  ole  ^hat  tIrit'mIte?LIT""^""°" 

was  connected  tl  ^ oscilloscope^  ThI  ! ^ current  was 

bell  jar.  All  of  the^eclrdl^^**  sensor  located  30  cI*^£?om°thI^I°*‘^°**®  channel 

pUy“?Ic°IIIlJ;tId"^IirK  Shortcomings 

^a:|e‘  —ared 

s Whlcb  bleed.  a„a,  do  Car,.'  b„t‘5o^.^  n“if«Su““'tbe 
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hlgh-ftequAAcy  signals  gehetated  by  the  discharge,  vnien  the  systematic  data- 
gathering  phase  of  this  program  begins,  all  of  the  measurements  will  be  made 
with  the  conductive  coating  ihstalled.  Presently,  however,  data  from  many  of 
the  interesting  test  samples  were  obtained  with  the  insulating  bell  Jar,  and 
certain  precautions  AUst  be  observed  in  using  the  results.  It  is  felt  that  the 
waveforms  Md  magnitudes  of  the  signals  generated  by  breakdown  of  the  samples 
are  of  sufficient  interest  that  the  results  shCuld  be  presented  at  this  time 
in  spite  of  their  imperfections.  In  particular  the  data  in  figure  i were 
obtained  uith  the  conductively  coated  bell  Jar,  while  the  rest  of  the  records 
Were  obtained  with  an  insulating  bell  Jar. 

Figure  i Shows  a record  generated  by  the  breakdown  of  a Second-Surface 
quartz  optical  solar  reflector  (OSK)  panel.  A positive  unipolar  pulse  is 
generated  in  the  test  sample  base  replacement-current  circuit  indicating 
that  negative  charge  IS  driven  away  from  the  sample  by  the  breakdown  process, 
the  Current  reaches  its  peak  value  of  1.7  A Ik  roughly  100  ns  and  then  decays 
mOttotonically.  The  behavior  of  the  E-fleld  can  be  explained  by  the  following 
argument.  The  negative  excursion,  which  is  roughly  a mirror  image  of  the 
current  waveform,  is  caused  by  the  electrons  generated  in  the  breakdown  plasma 
being  driven  upward  from  the  Surface,  thereby  Increasing  their  dipole  moment. 

A simple  back-of-the-envelope  calculation  quickly  verifies  that  the  magnitude 
of  the  field  change  observed  can  be  produced  by  the  quantity  Of  charge 
involved.  In  the  first  100  nS,  the  average  blow-off  current  is  0.87  A;  thus 
the  charge  removed  from  the  surface  is  87x10“^  coul.  If  It  is  assumed  that 
this  charge  is  contained  in  a column  extending  to  a height  of  30  cm  from 
the  ground  plane,  the  electric  field  at  a point  on  the  ground  plane  30  cm 
from  the  dipole  axis  will  be  7 kV/m  which  is  Consistent  with  the  measured 
peak  field  excursion  of  6 kV/m. 

Figure  3 shows  an  early  record  generated  by  the  breakdown  of  an  OSR  panel 
in  the  insulating  bell  Jar.  The  positive  unipolar  replacement  current  pulse 
indicates  that  negative  charge  is  driven  aWay  from  the  sample.  The  current 
reaches  its  peak  value  of  0.68  A in  roughly  300  ns  and  then  monotonlcally 
decays  until,  at  roughly  140O  ns  after  the  beginning  of  the  discharge,  another 
breakdown  process  occurs. 

As  before,  the  initial  behavior  of  the  E-field  can  be  explained  by  the 
fact  that  the  dipole  moment  of  electrons  driven  upward  by  the  discharge  Is 
greatly  increased.  In  the  first  100  ns,  the  average  blow>off  Current  Is  0.25  A 
uj  that  the  charge  removed  from  the  surface  is  25x10'“^  coul.  Thus  we  Would 
expect  an  E-fleld  change  at  the  measurement  point  of  2.63  kV/m  which  is 
consistent  with  the  measured  peak  negative  field  excursion  of  2.8  kV/m. 

As  the  breakdown  proceeds,  the  negatively  charged  particles  driven  Sway 
from  the  sample  surface  arrive  at  the  multipactor  electron  gUn  Where  they  arc 
collected  So  that  they  no  longer  Contribute  to  the  electric  field  at  the  gxoUnd 
plane.  Removal  of  negatively  charged  particles  from  the  plasma  region  leaves 
an  expanding  volume  of  positive  charge  which  moves  out  and  neutralizes  the 
negative  charges  on  the  bell  jar  Wall,  So  that  after  the  first  lOO  ns,  a 
positive-going  field  Change  is  produced.  The  E-fleld  at  the  sensor  continues 
to  become  more  positive  until,  at  the  end  of  the  record,  a total  field  change 
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« iS?SS 

(6-  *^'TS^Jl;n^3?K^Xn‘?SJ“sS'T‘‘  '’’'  * on  a 10  cm  by  15  cm 

~pu:l:j:  LVit-^S  - - --  - ^ 3;  bJ5%  r£ 

Again,  the  field  change  is  ln^^^o11 

of  negative  charge.  The  field  rSihefa'^ne^^^^^  ^ response  to  the  blow-off 

of  sv"F"-  ^ti^ -o  i: » 

e'iSSen^J 

It  should  be  noted  that  9 wv/m 

It  is  not  surprising  that  spaLcraft  substantial  field  change.  Thus 

gnals  to  be  induced  in  spacecraft  6lectwSc''^sS? 

alu„i„\1:^^^^^  Of  the  10  c«  by  15  c»  (6-  x 4-) 

cha  ”**  occurred.  Each  of  the^indivld^fl*i^^^K^**®*^®®^  separated  by 

? I?  ?5  *'°“8hly  10  A and  generated  a wff  J discharges  produced  a current 
tne  field  roughly  7 to  8 kVM  more  negative!  ^^ow-off  charge  that  drove 

^^’^oakLi^^’e^pSimenL^wSe^  determining  discharge 

^ ®lo«lnlsed-Kapton  tesrSL  a 5 cm  by  7.1  cm 

of  this  sample  are  shown  in  figure  6^  Coml^w  generated  by  a discharge 

indicates  that  the  duration  of®rf!i  ’ figure  6 with  figures  4 

»lth  the  hnlf-stcc  aaJ^l“?"  «P3o“-o-e  current  flow  Is  roughirm  as  “ong 

!!n!ffiL?r3SS!rrK~^^^^ 

ch;„ge"y'"-  '““-Me  agreeme-nt  with  - 
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The.  breakdown  charactdriaatloa^.stv.dles  conducted  thus  far  indicate  thOt 
the  electromagnetic  slgnatutes  genOrdted  are  highly  material  aenaltlve.  For 
a given  material,  current-pulse  length  InOreabc?  with  sample  size* 

The  absolute  magnitudes  Of  the  signals  generated  are  highly  significant. 
Transient  field  changes  of  tens  of  kV/to  occurring  In  a period  of  ^ 200  ns 
have  been  measured  with  the  sensor  roughly  30  cm  from  the  center  of  the  teat 
saAple.  Such  transient  fields  ate  coi&parable  to  those  norOally  associated 
With  nuclear  EMP  events  or  nearby  lightning.  It  has  long  been  recognized 
that  Ughtnlng  and  fiMF  can  seriously  affect  unprotected  electronic  systems 
and  that  deliberate  measures  must  be  taken  to  harden  systems  against  these 
electromagnetic  threats.  Since  the  transient  noise  signals  generated  as 
the  result  of  satellite  charging  appear  to  be  of  comparable  magnitude.  It  is 
Important  that  this  source  be  more  completely  characterized  to  allow  the 
Intelligent  development  of  new  or  modified  materials  and  design  techni<]ues 
having  the  necessary  discharge  immunity  to  ensure  the  required  high  reliability 
and  long  lifetime  of  future  space  systems. 
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FIGURE  3 SIGNALS  GENERATED  BY  OSR  PANEL  BREAKDOWN 
(INSULATING  BELL  JAR) 
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FIGURE  4 SitiNALS  GENERATED  RY  BREAKDOWN  OF  4 In.  x 6 lii. 

ALUMINIZED  KAPTON  SAMPLE  (INSULATING  BELL  JAR) 
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DEVELOPMENT  OP  THE  TEANSIENT  PULSE 

MONITOR  (TPM)  FOR  SCATHA/P78-2 

R*  Adamo,  J.  E.  Nanevlcz,  G.  R.  Hilbers 
SRt  Iiiternatioaal 

INTRODUCTION 


as  a function  of  amplitude  and  doeaetn  ua*  tequency  of  occurrence  of  pulses 

command/control  logic  which  Is  relatlmlv^t  " obtained,  will  permit  design  of 

spacecraft.  A secSL^  SjecJvJ^Js^iA  l^a  to  spurtp„,  tg^l3  „„ 

by  arcing  between  dlffl^entlallu  cherud  ?’“™“^^b“blon  of  signals  produced 

tlonally,  data  from  kno^SlfijL^  * ^ =Pd“«aft.  Addl- 

craft  Surface  Pot^tSr^rf^J  ^ l>P  -lata  from  the  Space- 

qualltatlvely  l“Se  valSSrfM  rf  ’"«”«““vely  and 

y rn  tne  validation  of  electromagnetic  pulse  coupling  models. 


TPM  DESCRIPTION 


proce«or^io™  ™ *l««onlc 

in  figure  2,  t“  of  electrical  transient  sensors.  As  shown 

Wire  antennas.  One  current  S!  ?«  i current  probes  and  two  are  long 

connect  the  upper  Lurawa5  ?o  i!  ‘^^at  ® 

current  sensor  Is  located  on  one  of  Conditioning  Unit  (PCU).  The  other 

the  vehicle  frame  ^ Both  cuJrenJ  «f  ®®^®\ ground  wires  between  the  PCU  and 

Both  current  sensors  have  sensitivities  of  1 mV/mA. 

SateliitrSystL!”**proceedlMrif*'t^^^  Response  Measurements  on  a 
once,  „.S.  lu 
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outalile*of*tL™Jn"wMrS  ™®"‘®We<l  Insulstea  wires  tied  t 

cne  TPM  processor  housing.  The  hi»h  j ®“®  terminated  In  SO  n wit-h<n 

TPM  antenna  there  Is  a 10  K^o^l^f  f f end  of 

TPM  Input  Impedance.  >^e  xs  a 10  K n resistor  In  series  with  the  50  0 

S§pS£;S“SS£SSl? 

“ SSS.S- 

• Positive  peak  amplitude 

• Negative  peak  amplitude 
Total  pulse  count 

• Positive  Integral 

• Negative  Integral 

wevir'  °«Spt‘‘of’'thls  “leastry  system  to  the  TPIl 

tore.  d^trsoppS  tPM  “™“'“"ed  to’the  om^Js'S  th^TV^H, 

SS€S|rlf  ■“ 

peak  amplitude  channel  n f»*rk  ®ingle-pulse  mode  (mode  1)  thf*  ^nT^• 

the  occurrence  of  any  transient^that^e*^  disabled  approximately  10  mS*^nfter 

thT::nst  the"puls:^;lt^ 

attected  by  changes  In  gain  s-ttlng.  amplitude  channels  ptg  not 
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hl8h-i»pedMce  anceftna,  20  i«V  ?o  240  V S ^ “ ''  *•>» 

« A tor  the  aolat  array  aooaOr,  and  140  to  1700  mconno,  4 mA  Co 

unic  sensor.  These  ranges  Include  the  effeetn  distribution 

inputs  to  the  low-lnipedattce  and  Pfii  attenuators  In  the 

jAvan  Identical  yonS'S  ?"  Jv*  tSf  Si,?  o"*)-  o( 

Identical  Inyut  laade  la  «o.lto,ed‘“rrte1oJS  IZTZIT 

no.^?of'’?t2^,'Si;J  thrMln“ud^‘ortte‘S.urair”r'  ‘"®  «“1 

during  each  one-second  telemetrv  «inL«  « ^ exceeds  a set  threshold 

me  more  than  once  during 'any**l*ras*^DeJi  signal  exceeds 

once.  The  pulse  counters  acquire  data^thrLohl!®..*^®-^?*^*  counted  only 

frame  regardless  of  the  TPM  mode  settlhe  ^^1?**  °“®~®®eond  telemetry 

count  channels  Is  from  0 to  100  pulses  per  second?*"^*^ 

total  posltlvrand  Negative  integral  orthe^in'^ur*'?  Indicate  the 

window.  However,  the  portions  of  the  innut  slm  during  each  timing 

lower  amplitude  threshold,  as  sho«n  signal  that  do  not  exceed  the 

««urancnt.  l.  the  C0«ln^:"Se1nSa%'?  ^ 

one-second  telemetry  frame,  in  the  slnelo  n?i  timing  window  is  the  entire 
the  pulse  Integral  channels  from  any  seS«  a^rd^a^M 

after  the  occurrence  of  any  transient  t^la^  c disabled  approximately  10  ms 
coaatet  claa.n.1  aseoclated  with  ?h^?  saM^r?  ‘''®  ‘'‘"“'“’AA  of  the  pulae 

described  prorldes  20  continuous  analog  outputs  (5  for  each  sensor)  as 

^21'““;  frtl  «•«  «““=  “A  has 

weighs  2.7  kg.  The  entire  system  including  sensors 

W8-2  «Se?‘?':Slt‘lL  ^ “■*  <*“*‘*-  early  during 

the  idsslon.  “ “ eontlnuoualy  acgulre  data  throughout 

to  the  UmJS*d.ta“teJOTj^  e»allfble''in\K«‘  f eubetantlal  aupplanent 
environment  oii  orbital  spacecraft  and  actual  electromagnetic  pulse 

sladlar  ,yate«  for  IncJSn' ^^^^r  ap^ca^lt^ 


SINGLE  PULSE 


! 

i 


THRESHOLD 


- INtEGrtAL 


ABSOLUtE  NUMBER  OF  PULSES  ABOVE  THRESHOLD 


FIGURE  3 DATA  DERIVED  FROM  TRANSIENT-FULSE  MONITOR 
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FURtHEft  DEVELOPMENT  OF  THE  MULTIPACTOR 
DISCHARGE  ELECTRON  SOURCE 


J.  E,  Nanevlc2  aAd  R.  C.  Adano 
SRI  International 


BACKGROUND 


pactoJ  b;t«en  “I"*  • ~1M- 

ol'r  3^1 

Isiis 


electron  gun  setup  shown  in  fl^re  1 Included  a 

1a  fvjaai  rtir  ^ ® result,  the  region  between  the  sburce  and  the  target 

suitable  for  the'slJuUtL  of'Space«St®Jh«gw1" 


icceleratirtg  voltages.  oensity  over  a wide  range  of  beam 


modified  MULTIPACTOR  SOURCE 


8 8l>J.S''w°li™rt°2  electton  8our«8  presently  In  nee 

wn  in  tigure  2.  The  one  shown  generates  a beam  10  Inches  in  diameter. 


8Sl 
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.A  second  unit*  cuttently  being  used  In  discharge  characterisation^  generates 
a beam  12  inches  In  diameter. 

All  of  the  surfaces  visible  in  figure  2,  including  the  grW  through  which 
the  bem  is  en^ttedf  are  at  ground' potential.  The  electron  source  is  supported 
via  mounting  fixtures  on  the  beck  surface  of  the  assembly.  RP  and  dc  volrages 
are  supplied  to  the  source  via  connectors  also  located  on  the  back  surface 
of  the  assembly. 


A schematic  of  the  new  source  design  is  shown  in  figure  3.  the  multlpactor 
discharge  region  is  essentially  the  Same  as  it  was  in  the  earlier  system. 

The  lower  plate  is  perforated  to  allow  the  escape  of  electrons  to  form  the 
beam.  It  may  be  considered  to  constitute  the  "cathode''  of  the  electron  gun. 

The  control  grid,  located  below  the  perforated  multlpactor  plate,  has  been 
modified  by  the  addition  of  a Solid  Skirt  which  ektends  up  to  cover  the  entire 
multlpactor  gap.  This  modification  was  found  to  be  necessary  to  allow  complete 
cutoff  of  the  electron  beam.  Without  the  skirt,  electrons  diffusing  radially 
from  the  discharge  regions  are  not  cutoff  by  the  control  grid. 


In  the  present  design,  an  accelerating  grid  has  been  added  below  the 
control  pid.  A skirt  on  the  accelerating  grid  extends  upward  past  the  upper 
mulppctor  plate.  The  skirt  is  capped  with  a solid  metal  sheet  at  its  upper 
periphery.  Thus,  the  accelerator  grid  and  its  associated  structure  completely 
enclose  the  electron  gun  system. 


The  accelerating  grid  structure  is  connected  to  system  ground.  Electrons 
are  pcelerated  by  biasing  the  multlpactor  cathode  negative  with  respect  to  the 
accelerapng  grid.  With  this  arrangement,  both  RF  and  dc  fields  are  completely 
contained  within  the  Outer  shell  of  the  gun.  ^ 


To  simplify  the  problem  of  providing  h j gh~voltage-dc  isolation  of  the  RF 
sourp,  the  nultlpactor  discharge  is  driven  using  transformer  coupling  between 
a pair  of  colls.  The  primary  and  secondary  windings  of  the  transformer  are 
located  one  on  the  Insldc!  and  one  on  the  outside  of  a Teflon  cylinder 
Practical  cpslderatlons  of  circuit  values  associated  with  the  transfo7.‘mer 
scheme  caused  the  operating  frequency  to  be  reduced  from  150  MHz  to 


BEAM  CURRENT  CONTROLLER 


Althdugh  the  basic  multlpactor  source  is  basically  stable  and  previdea  a 
reasonably  constant  beam  current  over  periods  of  the  order  of  minutea,  certain 

the  tests  continue  unattended  for  periods  of  24  hours 
and  more.  Over  this  length  of  time,  it  was  found  that  unacceptable  changes  in 

*^‘*!^‘*  working  with  the  multlpactbr  electron 

source,  it  was  found  that  there  was  some  interaction  between  beam  current  and 

To  avoid  these  drawbacks  of  the  multlpactor  electron 
gun*  a feedback  system  for-  controlling  beam  current  was  developed. 


SSL 

»ehlcl.  M . «hoU.  rtlll  'Tf'  ‘•“•“J'  lU«.lMt«7the 

condltlin.  .uch  ..  iirt«e 

WtbpSS^S  rtiSt  Shn^^^teoaS'i'T*^  “ 

return  current.  ® adjusted  in  this  way  to  establish  the  required 


T£StS  Of  the  MULTiFACfOE  SOURCE 


Beam  IMl^ormlty 

investigated  lh*a^vacLm**chamSr^SuloD^^  by  the  electron  source  was 

mbvable  arm  to  pemtlt  it  to  faraday  cup  mounted  on  a 

to‘*il?hln*'3oL’  the  so«rce.®thrcirrSrdInfiJriJ‘'Ll^^ 

» jrrrs.r.r^!ri:£.“s.2  ssts  sr  - - 

asrS  Tiis " 


Current  Controller  Functioning 

«.<■  f‘“”«  *'  « “ **»«!  current 

duunu  t,„t  the*  teen  ^ 

»lehin''the‘r^e  rto’ld'^/^»2'LS“eJ“J  ““  “ ® predetemlned  vnloe 
Hie  i,eUtt  retutn  current  tfae  Uaintelned  c«st.«°tfwl"i«"*?'‘  ® 


APFLICATION  of  MULTli'ACTOR  GUN 

^olved  freuuent  upenlng  ot  tte  Sr^JetJ^  'fSe^S  n^^ll.t^^"”,'’*’'' 

rJt-  e-JS-— - ::ce“ 
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reference 


Spacecraft  OifrglSg  Experiments*''  PrpcS**  Source  fot 

Technology  Conference  Us  A^»>*p  of  the  Spacecraft  Charglne 

27-29  Ocwber  115^  ’ """  '<»->«<“>  Sprlnge.  cSdb. 


SOURCE  DIAMETER  = 8 in. 

maximum  electron  current  Density  - 5 jiA/cm* 


TARGET 
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FIGURE  1 schematic  OF  ORIGINAL  MULTIFACTOR 
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summary  op  PANfiL  DISCUSS lOM 

Chairman;  Alan  Rosen 
TRW 

As  Roseit;  Our  tooi^  ie 

teasonable  response  to  fh?  "!  about  it  and  hZ 

the  responsibility  to*do^*****^u*^  spokesmen  for  ttieir  orkanlaa^'^^*^*'  hatard. 

-.  .. ......  >. 

The  panel  members  are  Mi 

Air  Force  WeaoS^T,!^  " M«terlals  La“r«o™.  JT  Slectrlc.- 

GeophyaUs  lab^r^o^”"”'^-'  “<■  «■«!»»  PUc*.  f ‘ 

Because  of  the  late  h 

P-.U.,  ,,,  »"h‘^e“5e 

aimed  at  allevlatl **®**^^^^  ® well-defined  threat  to 

managers  and  othe^’^eMle^^^**®*^^”®  threat  would  be  fonded^‘ 

a threat  that  thej  JSefvf ^he  space  pr^«a^d 

o*  «Ap““j;:e‘i; "f 

fdw  hours,*  and^io  outage  of  a second  or*lJsr^  5 ° 

to  establish  in  a Z catastrophe?  At  thff  ®"  °“‘^®Se  of  a 

*Alle  o«  thl.  acaU.  «•«  “P““<=«f^^hawIlrhaSrt*'‘ 

”&lr€‘Sr  •«  rhe 

Where  the  Sargrafea  5®  ®®  ®*»®>^acterization  or  thrLeoof  ®"*'  chargirg 

of  the  «lomage  may  occur  seem  u ^ ® system 

done  quite  a bit  In'dl®”  '“roinley  cannot  anauer  theae'o.1!I'i<°'^’  "»nbere 

"cterd  and  what  should  be  done  about  Ut  "*  !•  U 
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G.  Kuck;  My  tnttoduction  tiO  the  epaceeraft  chatgittg  problem  was  about 
6 months  agb  when  I Was  made  prbject  officer  on  the  SCATHA  program.  Thus*  I 
am  the  most  junior  member  of  this  group.  Although  I was  warned  not  to  gat 
Involved  with  the  SCAlllA  ptbgram  and  told  It  is  a boondoggle,  a WfA  project 
for  geophysicists,  I do  not  hold  this  view.  I believe  It  to  be  an  Important 
program  and  i think  this  IS  the  perception  of  a large  number  of  people.  How- 
ever, project  personnel  do  not  seem  to  consider  spacecraft  charging  to  be  a 
haeard,  and  therefore  nobody  from  the  SAMSO  Systems  Trogtam  Offices  attended 
this  conference. 

R.  Flnke;  NASA  has  very  little  Involvement  with  geosynchronous  space- 
craft. Although  NASA  Is  synonymous  With  spacecraft,  we  do  not  build  and 
operate  many  geosynchronous  spacecraft.  We  provide  launch  services.  We  did 
build  r'e  Applications  TechnOlog.  Satellite  (AES)  spacecraft  and  were  co- 
experlmenters  on  the  CcimnunlcatlonS  Technology  Satellite  (CtS).  And  we  are 
now  taking  part  In  the  Tracking  and  Data  Relay  Satellite  System  (TDPSS)  which 
Is  a big  project  involving  a series  of  geosynchronous  spacecraft. 

So  what  is  NASA  doing  in  a spacecraft  charging  program?  Well,  We  are 
technologists,  and  some  of  the  early  AtS  data  taken  by  Goddard  indicated  that 
there  was  a charging  phenomenon.  The  particle  detector  on  the  ATS  spacecraft 
indicated  that  in  the  geosynchronous  environment  spacecraft  charged  up.  It 
is  ah  interesting  phenomenon.  Others  began  reporting  anomalies  in  their  geo- 
synchronous spacecraft,  primarily  the  military  communications  spacecraft. 

Some  of  the  commercial  spacecraft  people  began  talking  about  anomalies  - 
switching  of  logic  circuits,  and  so  forth.  We  started  looking  at  \diat  might 
be  the  cause  of  this  and  suggested  the  charging-discharging  phenomenon.  It 
became  apparent  that  there  was  a problem  with  spacecraft  - a relatively  serious 
problem.  So  as  technologists  we  perceived  that  there  was  a technological 
need. 


NASA  had  for  years  worked  on  high-voltage  systems  in  vacuum,  and  some  of 
us  were  familiar  with  the  space  sciences,  instruntentation,  and  so  forth.  We 
felt  that,  with  our  background  and  ekperlence,  we  could  make  a contribution. 

So,  NASA  decided  to  get  involved  in  this  activity.  Eventually,  we  evolved  the 
present  intercettter  spacecraft  charging  program  and  developed  an  interdependent 
cooperative  effort  with  the  Air  Force, 

We  tried  to  use  our  ground-based  facilities  to  simulate  the  space  environ- 
ment for  testing.  We  demonstrated  that,  after  a solar  array  was  charged  dif- 
ferentially, It  arced  and  dlsdiarged.  Kapton  blankets,  if  not  properly 
grounded,  also  eadiiblted  arcing  effects.  We  turned  the  electron  beam  itt  the 
vacuum  system  on  to  the  Global  Positioning  Satellite  (GPS)  louvers  and  saw 
them  arc,  discharge,  and  flutter  (the  louvers  opening  and  closing  very  rapid- 
ly)* 


From  the  ground  test  data,  in  this  particular  environment,,  it  appeared 
that  anomalies  (arcing  and  sparking  that  would  couple  into  the  spacecraft  sys- 
tem) could  happen.  So  we  began  a medelirtg  program  and  did  more  testing  on  the 
ATS-5  and  AIS-6.  We  also  developed  an  on-board  monitor,  a detector  system, 
and  put  It  on  CTS.  There  were  215  transient  events  on  CTS  during  a year  in 
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“ ‘?  ■»>  «h»  p<-r  bu,. 

active  fluirrv  ftf  tv^nna 4 4.  ^ powet  bus  WS8  lost  sftcir  s psrticulsirly 

needed  attention.  We  Ins tailed ^the  aaMe^ki^d  a ptoblem  seemed  to  exist  that 
Satellite  (cn'<i\  -nd  j monitor  on  the  Orbital  Teat 

been  d«ta  have  ioJ^et 

sr2S1riS:rt»"^^ 

tSiJ^%o*’deVeIorteSn!5u^  switching  anomalle^^^Sr«e°" 

our  education  of  that  user.  ^ 'wer  is  highly  dependent  on 

perhaps y an  unquantifiable  risk  • a T--feU>  #>u  P ^or  or  his  boss*  TSielre  is, 

dim  exactly  *at  ttfhaxfrd  •>*  “ P‘» 

ct.ft“sS|^hese'td*cM  Sle^rft^S't^trwLrde^^  tT“^“  ‘ T“‘ 

peylosd’orspa^crilt  “>  P«ttc„l,t 


taWvely  assessing  the  effects  of  electrostatic  dlsd!^rges*fESD)'^°^t*th“°“'*^' 

JSrX“ut::^e  ^ «^"sXS‘”";e°‘‘h‘"^  -ttSMural  current  li  estl^Lr' 

Of  our  Faraday  cage  desLf to  b^th  shielding  effectiveness 

determine  the  efffLa  of  radiated  and  conducted  fields  in  order  to 

components  and  systems  Again  (EMI) -produced  D on 

radiated-sprav  tSti^'on  t the  systems  level,  we  have  performed  ESD 

payloads  while  monitoring  system  oLforma^^^^^^At^th^***^  communications 

performed  current- inject  ion  tesLorbWerh««i^?^®  exponent  level,  we  have 
to  determine  degradation  of  i t t>onding  and  grounding  techniques 

bornbardn^nrtesfrofmaLrfj  f i grounds.  We  have  performed  electron 
discharge  characteristics  ^ h°  optical  and  therma'.  degradation  and 

that  produced  BSD  That  ia  measured  spectrum  signatures  of  materials 

fieldl^ect^m^pLucL  by  ^srin^ 

to  quantitatively  assessing  the  effects  of  pen  ®*^‘^®*'^  Future  approaches 

vlronmental  testLg  oravsLis  whii!  «L?f  ?®  follows:  large-scale  en- 

as  discussed  by  members  of  the  Eurooean  anaee*'^  system  perforrvance  parameters, 

c«blncd-cf (ec?3  fcciutus  t ™n':“u:rte”y°S?«rfhni:r"‘J' 
tot  monitoring  of  matcricU  recponccc  end  parL^i^c  “'®  ^-^Ironment 
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!,«««  5®  question  irtiethe?  the  hosarde  of  soacectaft  chatgine 

have  been  oveteatlaated.  the  scientific  cowjnunity'a  reacti^  -rnte«rrt«f 

5°  System  peffotmance  tends  to  be  vetv  consetVatlve. 
Se  tequlfements  in  an  eSort  t6  eonSol 

more^reflliafeir^o-^^  Spacertaft  charging  phenomenon  becomes  better  understood! 

«,ult6»«ta  will  e-^rge.  But  the  thteerj^ed 

?■>?<««««  Xiitt..  rot  etatpi.,  it  e»  iL  to  th^.5^1 

ly.  tt.ro  u no  sytm  to  identify  tt.  e»et  eoutee  of  «<^t.e  Be'.lM  dT 

Storaitloni  the  coupling  mechanisms*  what  are  the  systems 

a ? ESb  couple  Into  spacecraft  systems?  In  short,  there  Is 

a credibility  gap  in  perceiving  the  actual  hazard. 

and  tSmSnffoJff  Sn  Into  modeling 

ph.non«.o«?  ,poS“ 

S[®  5ff?2  of  BSD;  make  design  guidelines  a contractual  requirement  but  allow 

SPonJ^  H and  paJloJd, 

‘ * ® standard,  practical,  Bg£)  monitoring  systL  that  can 

8f'«’f*®oofc-fOrnlshed  equipment  to  spacwtaft  manufacturers 
i?LS*yw®  iuterface  requirements.  Private  Industry  should  use  eood  eulde- 
®^^®  practice,  for  example.  EMI  Shielding  of  cJiyicfl 

signal  lines;  use  engineering  spacecraft  charging  niodels;  apply  systems -level 

rij:ioS  ««d.i^ueTiLrpre^:e“‘t. 

^ «yi<*ertced  by  this  conference  and  the  previous  one.  the  snace- 
craft  Charglng-discherglng  phenomenon  exists.  It  is  now  recognized  as  a nhe- 
"®  encountered  by  satellites  and  other  Bpace^M^rpaJtWarty 
teosyftchronous  environment.  Recognition  of  the  nhe-^ 
SoSSmb?  ff®?®?  consideration  of  It  In  spacecraft  design  can  r^duL  lL 
ellSftiyi  ,®  hazard  to  s cause  of  disruptions  or  anomalies  or  can 

diiSned  to  be'lil^oSceAfc*!  ?^®  with  GEOS.  gEOS  was 

oesipeo  to  Be  96  percent  conductive  and  has  reported  no  Instances  of  «#,»  a4^ 

^ptlona  or  anomalies  that  could  be  attributed  to  spLecra?rSarginf  In  ^l 

oth®r  hand,  Meteosat-l  is  reported  to  be  performing  extremely  well  in  aoite^f 

“f“  “““*«•  CH.S. ,« ofSiSud  tt 

ttarglag)  resulting  from  the  presently  tatter 
high  eoUr  ectlvlty.  A recent  nnosmly  in  the  on-boerd  ssttllltniott  e«tL 
of  en  operational  aetelllte  hds  been  attributed  tt  spacecraft  chattln. 
e^t  has  not  been  dupliceted  in  tte  Ittorettty.  SpttttwtrcheJSj^Ja^fr- 
offered  ee  the  cauee  of  certain  sattlllte  anoauliee  wlttout  aw  ^i*dlrtct 

— -*sss  s€: 


^ 'll';; w V ‘ I '<sr:7 


problem  spacecraft  charging  la  not  really  a hazard  but  a 

tng  the  pMpet  etenderSre^  ?eSur“‘ 

f»eSmed“irthe%“e:Jr7'“f‘“ 

incorporatea  into  the  doolgn*  dovelopmont,  and  toatins  of  the  Dscs  TTt  aarni  i ■}*•<> 
end  promUM  to  «lnl»iee  er  oU»inate  the  effects  of  epecejreff  SaMlM  m 
tte  prellBlnety  epaeeeteft  ehetgtng  etenderd  end  the  dK  mid^Siof 

eneJgi  radlatioi!  Y?5®^  mission  Includes  measurements  of  verj^  lou- 

nerp  radiation  and  charge  buildup  preaent  special  problems  that  must  ht% 
h«,dled  on  an  Indlylduel  eeteiuto-by-eetemte  besU. 

IS!?  preoOTted  at  this  eonfetence  ate  ample  evidence  of  the 

pe- 

relate  spacecraft  charging  with  contamination.  A thorough  underatandlne  of 

#*ae  Standards  and  design  guidelines  to  build  satellites  essentialiv 

2 to  s'yaarey  *““''**  ancmellea  should  bo  avolloble  vlchln  the  next  ^ 

cliatolL^I  I*  charging  toesonehU?  Speeecreft 

pilof^Sn  !f  I““  oonaldored  In  the  developomit  «.d  ap- 

showe  f!So«!  thetmel-conttol  coating,  and  materlaU.  Table  I 


TABLE  1.  - PROTECTIVE  THERMAL-CONTROL  COATINGS  AND  MATERIALS 
FOR  EXTENDED- LIFE  SURVIVABLE  SATELLITES 


Tailored  optical  properties 


"s.E 


• Space  stable  7-10  years 

(UV,  e-8,  P+) 


YOUft 


s Hardened  for  nuclear  and 
laser  effects 


• Lew  contamination 


• Reduced  space  charging 


FAVORITE  • I«w-itttritt8lc-8lgnature 

fflsterialc  (visible.  IR. 
radar) 

SATELLITE 

• Shroud  and  decoy  materials 
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* an4  foremost,  the  new  wofenals  must  have  the  required  thefftio- 

iwdt  be  0fcE  trthe  coatings.  Tliese  mafeerlsls 

frnst  be  stable  to  the  natural  apace  enVlronuffini,  for  the  life  of  the  ofirtipular 

fission  ocd.  dopendlttg  on  the  specific  mloslofl  (coro^mlcatlons , auJvSuanee 

eie->,  be  very  l^-contaittlnotlott  sources  and/or  be  able  to  eonirol  obocSt 

gorging.  In  oddltlon  to  natural-eovlroitmefit  survivability,  *<eslpn  of  Air 

ftf  ft  feoWo  1.  Certain  of  these  factors  were  Ih  tii'^  realm 

ffetlofi  not  too  many  years  ago.  A spoee-stable,  low-eontamlnatlon 
reduced-space-ehargtng  material  that  is  suited  for  a comaeiclal  eatcliufmtght 


in  spacecraft  charging  Is  only  one  factor  that  must  be  considered 

in  the  design,  development,  and  tiiatlng  of  spacecraft.  Proper  application  of 
the  spacecraft  charging  standard  and  the  design  guidelines  for  «f 

orSsentLunilSlM^  f cooperative  effort  should  r^dufe 
lites  ^ ^ spacecraft  charging  as  a major  concern  In  future  satel- 

lites.  Very  large  space  structures  represent  a special  case  and  furfchf^r 

fort  ood  will  r.<^.lred.  Thor,  to  . Ste“aci;  S^aSoS^^v 

Butfac#  and  htilk  condoctlvttT.  photoconductivity 
and  other  classical  materials  data  needea  to  support  the  soacecra't-chflv-oinl* 
^d^ing  activities  and  to  form  the  basis  for  ZlTopZ  nr:ri;pro::f "" 

niatetlele.  Responsibility  for  developing  sSch  data 
within  the  AF-NASA  spacecraft-charging  working  group  has  not  been  determined. 


rvft..  Wef.pons  Laboratory,  we  are  principally  con- 

learablliiy^Ato^erM™*!^^^  spacecraft.  There  is  thus 

craft  nerW«^l!r  SL  i experience  in  peacetLiae,  to  check  potential  space- 
J*  * y P*.rforflw.ttce  of  spacecraft  in  ambient  and  enher  Jiec- 

Srirrnu^«^®  substorms)  by  no  means  explains  what  wo*  'ap- 

but  also  *®  *»ave  not  only  the  electron  enviro  .n:, 

f * potentials  to  develop,  currents  to  flow,  and  the  conductivity  of 
^ K ®®  *“"y®  *“•*  Pliotoelectric  plenomena  (one  pJin- 

electromagnattc  pulaa  (sS)  rf- 
in  some  cases  there  may  be  synergistic  effects,  depending  on  the 

current*! hetWeen  the  electrons  and  the  gamma  rays  or  X-rays.  The 
^ ^ spacecraft  can  be  significantly  higher,  particularly  In  the 
hl^-energy  portion,  during  a nuclear  explosion  than  during  a solar  substorm 

“•  ■>«i4  Bp"o«.fH  op“”: 

Sf  ^ environment  may  become  problems  in  the  nuclear  en- 

vironment. Essentially,  the  time  to  accuttttilate  enough  charge  to  cause  dls- 

Sulf L“^"****r*‘*n  long  in  the  niturat  envlro^ent  bit 

ifl  magnitude  shorter  In  the  nuclear  environment.  So  this 

Is  a different  problem  and  cannot  be  evaluated  well  from  peacetime  experience. 


which”l^thi  fl«t  ;5"“'?P*‘®>'®  *»®v®  started  with  the  Starfish  test, 

not  A lot  of  rtAtn  serics  of  high«latitude  tests.  There  are 

data  and  soma  nnara^  tests.  However,  there  has  been  some  review  of  the 

total  anomalies  do  not  seem  to  be  attributable  simply  to 

, for  example,  aoler-cell  degradation  and  prompt  TREE  effects. 


■-V  ''S'-O  • "o 


!•  not  g^M  ?!  ^ i“  ""  »f“>8  “ am,  £r«  £lwt?!!i!!J;'^  ■»*  »ola- 

suxta  that  ara  not  raal.  if  they  weS  f fiynerglsms,  produce  re- 

Saf^*^^!,***^?**  occutted  in  alny  caaL.  *Th!  burnout  of  spacecraft  elec- 
iiD  htr  will  be  resolved  by  larfie-aca1***^?^i^  <langerou8  space- 

ona  ”* logger  »c!u  u\°!?«!?;";^!?^'!^ 

ssiSEr 

^ acecime  explosion  causes  concern. 

te.ooa.BU  pBoa.„„..^,  -- 

‘!^!* J"^'™^“d«oM!!f  “!  Su‘!?™!!''  ?*  nllUory  mlooi™  spococr.ft 

atd  of  8oeoen*.«#^  -w  > ™ transferred  to  the  uaer-c  a technol- 

tdrs.  The  Air  Force recognised  tttany  years  aeo  **®** 

ttlSA.  Ao  ttu  " *«e^.4Se!?  t«h!!u!"“  Heod,u„. 

MUtor,  o„d  tAl?.n“  p.“  !!•«  e*  njetetlS^S?!!*!” ‘'*“ 

P««u!dT!i!'.r  “•e^'^.te  iJ^ntolir^'? 

J>'  «teiy  VS,“  r?:*!!,So?Vo”!!:i"  "*  «teot^‘!^cou'‘?!lr‘ “ 

area  where  candot  is  often  lacki^  tJ  ?®  ®“  "*®««8er.  This  is  a sublectivl 
«.  operation,  ord  rolUBlUtp  “^ou!,  .eoee.  w^.“  IL. 


--•■  J---  ..  (J^ 

r--.— jj 


<0, 


tho  eeroap.™  lidunS  !>«»«««  « the  conference  of 

tors  for  the  nlsaion  program  ihev 

end  ere  strong  spotosSen  for  ttl??JchMloS^  technology  »e  develop 

otgntScane*lmect^m^eaSlii  tl>nrgtng-rclaeed  test  standard,  has  had  a 
program  gslng^ts  stendard^ts  lir*"fela'^«friL“°f°^i‘f*  development 

SS;erv*SeS‘oJ'’l.i!trtts'tt  h£  Us‘?ottL"' 

charging  calculations  on  DSCS  III  show  that  lL2d*Sl»  ^ssoro's  paper  on 

5ifSag^:%3ur  H r 

General  El«?S;  i“*„SCJSJ.‘  «*t  progrem  that 


veloped.  and  it  id  belne  imfiioin<niii>ma4  * technolog;y  idse  hds  been  de- 

been  successful  In  defining  the  soaceeflf^  Geophysics  Lebotatory  has 

gemm^^:nTf“oS^nU«C^*;e^aU  «« 

who  la^  responslbU^fot^LsurlS^^that ^sys^^  Person 

vives.  That  oetson  eeiief«iii  system  that  is  about  to  be  launched  sur^ 

Situations  a He  really  doesn^t  know  iiethpr^^f  response  to  many,  many  hazardous 
gantic  swarm  tunJ^I  sL  subject  spacecraft  in  a gi- 

test  with  simui jtfsmr]  - M j electrons  and  iou?  or  merciy  to  do  an  air 

r»oSur:c“^^  «.o 

XuHi‘2  »sd^r^-S‘?hT- 

co«siLs”o""'i;“hm.?t^J"ha  TP““=“>  »*«  •■* 

Ise  This  is  why  some  quantitative  assessment  of  ^ measured  r^apohse 
must  be  made.  nticacive  assessment  of  the  spacecraft  charging  hazard 

cu.riTuT^nl!^  Sre'idUncl**  «>».  «>=  «- 
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feuent.  the  peftel  members  plbShed  te  InduaS^  ‘*»f  t*»em6  was  a little  dif- 
dlgners,  aud  manufacturers  - that  thev^toflnteS^?«‘J?  I ^e* 

what  the  envltonment  Is  like.  ?JeJ  uLHolL  to  see 

Unfortunately,  no  action  was  take^  ? thf«J  1 .J"****^^  i«<*«stry. 

credibility  gjp.  ^ ‘**^"*‘  very  reason  there  Is  a 


ence.  At  thL*ottference"”"i*^*th6*onlv^^«s**^*^J^f*®  attended  the  last  confer- 
commerelal  users  have  18  satelllcea  iw  ^ Representative,  the  five 

a credibility  gab?  Sese  2Je«  S Seosynchronous  orbits,  if  there  wasn't 
of  years,  there  will  be  two  more  here,  in  the  next  couple 

this  conference  either,  unless  it^  hf  J*  represented  at 

c«d.Hut?  ,.p  .,-s:  • 

tz  s 

sors  would  be  nice  to  have  i#  «-ha  «->,  . credibility  gap.  They  said  sen- 

pto«ip(an4tit  from  KASA  »as  free'  Ihe  fMtJlUtton  were  fr«.  ihe 

. h.rd  ,ue.ttom  to  „.s»or  .o.  f.  ...  ttotTw^lf 

Mike  Massaro  from  GE  would  like  te  «Lee  »<>««  .. 

all  these  test  programs  are  snonaored  L programs  conducted.  If 

Internally  funded  prosram  to  teofr  ^ govermsent,  fine.  Would  GE  run  an 

wasn't  funded  by  the  k r Patce  end  nac*  ^aa***®  haaard?  i think  that.  If  CE 
I fuel  ttat  I'^iX  ?■«  '='>*  «<>uldn't  U taken, 

going  to  have  sny  s^ors  o^boa^;  ^ ^ °“®  ”°'®  E“estlcn.  Is  uses  iii 

orblAa^"Sd  s«so?r‘'fl^"^;iSdl^n”V’’“*°”*'  **“’  8«synohronous 

a sensor  on  OIS.  goS  were  s?Zff  “ Pwt  a sensor  on  CIS.  ESA  pot 

both  these  8ovomment-oponsotid'^space«ne  hS™  events.  But 

sponsored  or  bu<lt  spacecraft  witi.  tt.  theme  Again,  NASA  has  not 

sent,  the  eodd^;" sSormSi  SSef^nd°’S«‘.*“  1*  «P«' 

Dr.  Cooper,  hss  reouMted  ^ sm^H  ’S*  “*«««  <>*  Coddsrd. 

gating  changing  problems  and  destn  erltarls  f^Jnsee”'?'  ^ liwestl- 

PtOjtct.  SASA,  again.  Just  is  norin  thJ  iLf  ”®  ®'®  ®«PP®rting  that 

But  us  do  take  spacecraft  ehstgln^  MtuSsl“  l»«>l»a.s. 

an  epfraUMll  AtT“J^  ““"‘I"  (»M)  was  InstaUed  un 

cbatilng  progJaS  1.  SSJe  awaiei™  S (nH*  ,’^1  apaoectaft 

aataUlta  alone  coatTw^^armniiSr  '’SS'  nnf*"*‘®  Inatmment.  ihe  P78-2 

wtlltun.  so  0,Z!ZtZI  hM  S«sSd  oJSr  « 

and  sdlve  the  spacecraft  charelne  Probl«m  ^ million  in  trying  to  Identify 

-a  «.at  CE  i.'worklng'on“‘S!‘J?oJLr"^o.\l:a-1n;:^ 


£*±__MQ8 ^ jllpfl  • T||  - * 

*St‘  ?“  rlH""^  *««»  *«  «■>«» 

s—.  ••"RS^ISS.IS -.-^p- »-C!  S?“^ 

a user,  were  cducftriied  about 

carrier  eate^t-^**  9ue8tlott  about  abaoeerit**. 

bT^“  wtSr^s*  S".iur  “•“P'»o«.°^'Se  “■«»- 

oe  too  aware  of  tdiafc  solar  activity  or  «««  II®  Domsats  ate  terrlbiir 

Dtohi  *P*®®°taft  naaufMtureL^^^a  P®i»*:e«i  out  by  auoS!**^* 

*>"  “ 2.SnS“4uVr£“‘“^*«  ^ 

^ • fioSflUJ  • fl  *•  t-  ^ ACulo 

S.t  ttej;  ‘f“  *‘*«'^“‘“‘pr  I ’•“‘“ 

Mutjr  Z>”li  •«  •*  >»«. 

««t6tlal  la  Sdded  tj  ?he  "®s  of  ther! 

^ area  contributes  tfl  ouJeide  T 

;»  ««h  tocr«,i„gX“^  »•  *«’“-*rl«  ft  SJ  S^ll-.cu  e.p,3! 

•“n-.«“‘Spe‘jiS‘..*  -“"riftf  ;n.'rs.ur*  si 


as 
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Wte’coapllcated  ^8  « ^ch 

Is'liidl'^^%'’^?'’*®"’  *•'“*  •'“'‘■‘*^M*b»achS*M*thl“““*  “riler  .how^the 

J®  ® PMblem.  In  dnother  cicuatidn^**!*”®®^^?®*  Peacetime  use, 

to^elsn  that  will  £m  ,n  Alr”otM”M'«i'‘J^°“ ’ *'*™  «he 

data,  and  approaches  but  also  manv  a»«rff  ’^®’*'*^*^8ments.  w’e  have  some  materials 

tl«.  htdh  halt  ‘«- 

yoa  are  alaaju  faced?^°Ko°^tLr*'rfilt'^^  ?*'*  ^ one  with  which 

dMlde  Whether  poa  went  to  stLute^tte^wi’*or'’''‘''™®°‘  “ Iwolved,  yoj  inaat 
vitonaeiit.  Toa  hare  to  dt«re!reti“e,  ! “Vironmeilt  or  the  effecta  of  thTe^ 
able  to  operate  In  that  envirJLient  Ld  aystem  wlU  be 

i“  Of  that  enJSJT^?"  Ml^a^ef i reUably 

5? effects  a«  nortliifr.  hardened  for  SG^ 

We  try  to  test  the  systems  some  other  wi,v  ^ o ^ ^ underground  nuclear  te^ 
type  of  test  the  Air  Force  orthetuItZ;  **®  contractor  what 

be  proved  reliJSLrwJSt  cosm“  ®®  operational 

‘»«‘^^een  tS  en^iJo^t  and"?h'%^®  Program  is  H% 

The  M8-2  aatelllte  will  dMck  ^ envltooaent. 

A iaboratoiry  acala  model  will  be  ^ environments  are  in  space 

8ee  ^at  Its  EMl-RFl  enltro^H  Is  1he‘’?ah'"'?  ^ 

related  to  wtiat  we  see  in  space.  We  will  environment  can  then  be 

Vironment  to  the  results  of  sffiall-^am^^i^^*^^  bhe  laboratory  en- 

on°^e  *^®^®blvely  Inexpensive  tests  that  model  complete  this  logic 

Oh  *e  cretrecter.  u.4e  . «„wy  2hd"^.‘s^:L'preh1r  ‘“‘'O 

bllity  l8«  The  gorernment's  resDOrelbii^^*^^  fhlnk  the  government's  resncmei- 
tests  and  procedures^?  the  J 8ure  that  we  Lt  ?£? 

S.t*  re‘  « “0^*  o^Sreire  oT.:X‘°  f'  ^ '•  ^UOing. 

that  we  can  assure  the  satellir^  ^ testing,  snd  %ihstever  ao^ 

ably  when  va  launch  it.  if  there  is  that  the  satellite  will  operate  rell- 

relilbllit^^'*  ^iJ*^**  be  about"o!s  ^*to*^c?ii^  anywhere  on  the 

reliability  would  cost  too  much.  •Oie  nuaci-fre  8®^"  ®**  extra  0.1  percent  in 

scele  reet.  the  lerger  eceirtret  “SoUlof  the  sLu- 

ITT:.  <»“  "«‘t  ^ e«ens”LT«“T‘"  «■«- 

Ton  here  to  Irek  et  ^ IhoU  “ofore  . iLT!' 


°°  “«  tl*.  of  SCAJdA 

"*“  «“”«  “K  wry 

orkltlng  »A  coueocln*  dat.  „eor 

?h‘"'  °"  ‘ "«'">‘ltty  g»p,  h. 

IlSlilfl!®  modelers  really*^done”th*.J^®^  really  done  their  Job? 

or  norS  ^^--tldan  for  solving 

but  also  some  on  the  experiments  lie  IS  *foJ  ITJT^  °5  **‘**'<*®“  0“  the^I 

not  sedn^  rSht'^probSmr^^  dl2S.indJS“fu^ds 

-"rri£si.-„‘-2  SSI'=T,==^~“  ~‘=s_ 

Bible  to  reconstruct  events  as  thL  nnn.  E ^ managers.  It  is  almost  Imoos- 
money  - about  $10  million  in  half  a ® spacecraft.  Large  sums  of  ^ 

have  gone  into  this.  The  refiil1^<d  u ” end  quite  a bit  of  effort? 

been  involved  with.  So,  we  are  reallE  ^®®"/"®°*^‘^lnslve  in  the  cases  I have 
spacecraft  designer  refuses  to  p^rdiLnoSiE®  T hand  the 

otherhE^H  because  monitors  are^not  going'  to  "«>“itore)  on  the 

other  hand,  when  he  does  get  into  troMh/?  u ^ f^y^hing  for  him.  On  the 
mine  what  the  source  d the  problem  is.  * ® ® dilemma  and  can’t  deter- 

° “'°"S  '«  dtag«o.tl„?  A 

•r.llF‘d^^.«VSe«rte  r«rr’’T“’i°  ope«ao».l  .p.ce«.»t  .... 

diagnostic  nonltora.  development  program  by  uelng 


OUSarK:  Elden,  Ifs  money. 


akout'T.i'cl'ac^  of  O^to'tf.'p^oMena'^rtTh"’'  ‘’^'"’1““  •>“  <««> 

•'*  ettrlbute  to  epae“reft  0^^®,"°*  "““gw.  at 

satellite  operatlorial  experience  - thfh  i charging,  in  my  3 years  of 

«.b  two  eetemte.,  - «.  £.ve®“:  bed  toyV:b®nme®or  ‘°®“‘  ‘ “ VtoL 

any  problems  or  any  outages  that  we  can 


*"  s-»x.  „xth  .u  the .«. 

can't  Juatify  the  coat  of  aensOre.  ^ ® caused  by  some  unknoirti,  you 

Icatl^TtE^^'an^JuerhaJr^^^^  the  quailf- 

dlagnostica  being  made.  cracked  down  to  a sourte  without  these 

.ithlfe^^t  SV™%reSr'S«1“cet!  “ •»  ‘“- 

It  w.^*tSlSd  dSlS”«^%2orJCSw‘’'  Su  toLl  J“n"  ‘ '“‘®  o*  0 to  10  end 
aystem  Waa  attributed  to  a charBinJ’nhl”^®  ^ ^ failure  and  loss  of  a space 

ttat  failure  that  was  as  credible  as^a  charSna  aS^di  '^h**  ”?  other  cause  for 
we  cannot  say  that  It  definitely  was  the  clSse?  ‘^tscharglng  event.  Although 

p«hifefe„.'^j^,ttrf:.'L7d'?d 

of  the  design  procedures  RCA  had  used  for  the  components  because 

It  1.  tottonete  thet  you  dl5nTh«:  I«  °«.et  uotde, 

yeefs  ego  ^ueer°  md  •’ackgrouud  on  thee.  About  3%  or  4 

Princeton,  toured  the  country  after  ™ ?“  A»troelectronlco  of 

cataetrophtc  problem  that  Drf  tosen  Mde  ref«^n^%”''°;'  Particular 

phase  at  that  time  so  we  were  concerned  ^ J ”®te  in  the  design 

and  have  followed  this  subject  for  the  last  reason  vdiy  I'm  here 

the  problems  were  and  what^to  do  to  avoid  thtn^^^Th*  °“t  what 

ramifications  and  reviewed  all  the  test  LtalJe  T"*"  through  all  the 

rio- or^^ie^r 4 « 

ac  me  mede  no  changes  other  then  thoae  „e  had  ay. 

A.  Rosen; 


At  this  point  I would  like  to  close  the  session. 


